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Abstract 
The purpose of this dissertation is to explore the applicability of Metal-Organic Frameworks 
(MOFs) to the adsorption of trace level of volatile organic compounds (VOCs) from the gas 
phase.  The adsorption of VOCs on high surface area materials is an important process for many 
applications including purification and gas sampling (preconcentration).  These applications 
often involve the complete removal of often toxic compounds that can be present at a wide range 
of concentrations (ppt-ppm). 
An effective adsorbent in applications such as gas sampling must often have the 
following properties: 1) complete capture of the targeted analytes without “breakthrough”, 2) 
chemically inert to prevent changes in the composition of adsorbed analytes, 3) unaffected by the 
presence of humidity and other common gas stream components, 4) moderate interactions to 
allow for easy desorption and/or reactivation, and 5) sufficient chemical and thermal stability.  
All of the traditional microporous adsorbents which could be effectively applied to gas sampling 
applications (e.g. zeolites, silica gels, activated carbons, porous polymers) have limitations in 
one or more of the above criteria and there is an important need for novel adsorbents with 
improved performance. 
MOFs are an exciting class of crystalline nanomaterials which have been frequently 
explored for roughly the past decade.  There is a large library of MOF materials which have been 
synthesized representing a wide variety of geometrical, chemical, and mechanical properties.  In 
addition, the synthesis of MOFs allows for the capability of a priori designability of new 
structures possessing desired properties.  MOFs are an ideal material for many adsorbent 
applications due to their well-defined geometries and chemistries combined with their extremely 
high surface areas.  In addition, many MOFs show extreme thermal and chemical stability and 
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most MOFs typically have lower heats of adsorption than other adsorbents.  Despite their 
suitability to gas sampling applications, very little is known about the ability and mechanisms for 
VOC adsorption in MOFs. 
First, initial experiments were done investigating the applicability of zero-length column 
(ZLC) equilibrium and temperature-programmed desorption (TPD) applications to the 
characterization of VOC adsorption in MOFs.  It was determined that significant complications 
are present in the applicability of both of these established techniques for VOC adsorption in 
MOFs.  The analysis of TPD data in porous materials is an impossibly complex combination of 
competing mass transfer and equilibrium processes, and therefore it was determined that TPD 
was not a suitable technique for rapid screening of adsorption properties.  The suitability of ZLC 
equilibrium studies is more promising to VOC adsorption in MOFs, however, the technique has 
some complications and presents no advantage over traditional chromatographic analysis. 
In the second part of this work, an inverse-gas chromatography (IGC) was employed to 
study the adsorption of a wide range of organic vapors on multiple samples of IRMOF-1 (one of 
the most widely studied MOFs).  A wide range of molecular properties was represented in the 
studied analytes and standard analytical techniques were employed to extract equilibrium and 
thermodynamic data.  Dispersive surface energies were calculated for the MOF samples and 
adsorption data was correlated to vapor pressure, deformation polarizability, and the Abraham 
linear free energy relationship (LFER).  Despite differences in the surface areas of the multiple 
samples, the calculate heats of adsorption were found to be very similar.  It was determined that 
the adsorption on IRMOF-1 is more complicated than previously believed.  Hydrogen-bonding 
interactions appear to dominate the interactions of IRMOF-1 with adsorbed compounds.  The 
effect of polarizability (resulting from nonbonded and pi-electrons) was found to have a negative 
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effect which was attributed to a steric effect which was unaccounted for in the Abraham LFER.  
The dispersive surface energy was found to be much lower than traditional microporous 
adsorbents and this was attributed to the large pore sizes and largely organic nature of the 
material surface. 
Next, this same IGC technique was expanded to novel MOFs which are structural 
analogues of IRMOF-1 with added trifluoromethoxy- and methyl-functionalities.  The presence 
of these functional groups was found to significantly alter the adsorption properties of organic 
compounds in these MOFs.  The equilibrium constants, heats of adsorption, and dispersive 
surface energies of these novel MOFs were all found to be greatly reduced from the values 
calculated for IRMOF-1.  The observed differences in adsorption are attributed to the geometric 
and chemical effects of the added functional groups in the MOF structures.  The dominating 
nature of the hydrogen-bonding interactions  were found to be largely unaffected by the 
structural modification implying that this behavior is an effect of the inorganic component of the 
MOFs. 
In the final experimental section, the IGC methodology was applied to a commercially 
available MOF, ZIF-8, with greatly different geometric and chemical properties from the other 
MOFs.  A molecular-sieving effect was observed preventing the adsorption of branched-alkanes, 
aromatics, and heavily halogenated compounds.  Hydrogen-bonding interactions were found to 
be important for the adsorption of alcohols and amines.  However, the adsorption of hydrogen-
bond bases was found to be greatly lessened from that of the other MOFs.  Thermodynamics of 
adsorption for the organic compounds studied were calculated to be significantly reduced from 
IRMOF-1 and the polarizability was used to calculate the specific component of free energy.  
The specific component of the free energy was found to correlate well to the dipole moment of 
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the adsorbed species.  In addition, significant enhancement was seen in the adsorption of 
ethylene and propylene over their respective alkanes and this was attributed to a strong 
interaction between the pi-electrons present in the alkene with the framework structure. 
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Chapter 1 Overview of the Role of Adsorbents in the Preconcentration and Gas Sampling 
Volatile Organic Compounds (VOCs) represent a broad class of airborne compounds that 
are often the result of industrial processes [1-3] as well as common sources such as automobile 
exhaust [4-7].  Many VOCs (e.g. benzene and 1,3-butadiene [8-9]) pose well-known serious 
health risks to humans and the environment at trace levels (ppt-ppm) and the monitoring and 
detection of these compounds is of great significance to chemists and engineers.  To allow for 
the isolation and identification of discrete, trace VOC components from a complex matrix, gas 
sampling combined with a separation technique (most often gas chromatography) is often 
required.  This process most often involves four distinct steps: 1) gas sampling (often 
preconcentration), 2) injection of the analytes in a focused pulse, 3) chromatographic separation 
of analytes, and 4) a detection method [10-11]. 
Adsorbent materials often play a significant role in each stage of this process and there 
has been significant research devoted to adsorbents for each task.  At a fundamental level, the 
success and efficiency of these techniques depends directly on the performance of the adsorbents 
used.  Critical adsorbent characteristics for gas sampling materials are the ability for efficient and 
complete capture of the targeted vapor species and the ability for rapid desorption with no 
chemical reaction without issues of instability or contamination by other atmospheric species 
such as water and carbon dioxide [10-12].  Adsorption materials are also of the utmost 
importance as a stationary phase in the chromatographic separation of the injected analytes [13-
15]. Additionally, adsorbent materials are often employed as sensor coatings in many forms of 
novel detection methods [16]. 
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1.1.  Porous Polymer Adsorbents in Gas Sampling Applications 
The first crucial step in the detection and monitoring of VOCs and other toxic compounds 
in air samples is the gas sampling process in which the primary objective is to obtain a 
representative sample without modifying the relative quantitative composition [17].  Due to the 
trace levels of the analytes of interest, this stage also commonly involves adsorptive enrichment 
(preconcentration) followed to allow by thermal or solvent desorption of the analytes.  
Preconcentration is often necessary to allow for detection with common analytical methods [10, 
18].  Figure 1.1 below shows a schematic of the use of a “cold” and “hot” adsorbent trap for the 
capture and desorption of analytes injected into a GC systems for analysis [12]. 
 
Figure 1.1: A schematic of a sorbent based preconcentrator in sampling mode as well as in front 
of a gas chromatograph system undergoing thermal desorption.  Taken from [12]. 
 
There are a wide array of commercially available adsorbents from which to choose for 
preconcentration including both inorganic and organic materials [19-22].  An ideal adsorbent for 
preconcentration must meet the following requirements [10, 17]: 
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• Capable of complete capture of the analytes of interest (sufficient capacity and 
strong enough interactions to prevent “breakthrough” during sampling) 
• Composed of a chemically inert surface that will not cause catalyze chemical 
reactions to contaminate the gas sample 
• Demonstrates minimal performance effects due to the presence of humidity or 
other common air components such as carbon dioxide 
• Chemically and thermally stable enough to allow for repeated use and thermal 
desorption of the analytes 
• Interacts not too strongly to prevent rapid thermal desorption 
Many of the most common porous adsorbent materials (e.g. zeolites, silica gels, 
aluminas) are hydrophilic and have active surfaces and for this reason, these materials are not 
commonly employed in gas sampling applications [10, 23].  Some of the most commonly 
employed adsorbent materials for the sampling of organic vapors are porous polymers such as 
the Tenax, Chromosorb, and Porapak families of materials.  These materials have a wide range 
of properties including surface areas, polarities, and maximum operating temperatures and most 
have their origin as gas chromatography stationary phase materials [10, 12, 18].  The properties 
of these classes of compounds are summarized below in Table 1.1. 
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Table 1.1: Common porous polymer adsorbents used for gas sampling are listed along with the 
respective specific surface areas, chemical compositions, and maximum temperatures [10]. 
 
 
 Tenax TA and Tenax GC are the most important porous polymers currently used for gas 
sampling applications despite issues with the thermal stability of Tenax TA and high background 
signals of Tenax GC [10, 24].   Tenax is a very hydrophobic material and therefore does not 
retain water; however, due to its rather small specific surface area it is not well suited for 
sampling highly volatile organic compounds [12].  Additionally, Tenax can suffer from 
limitations in stability and can decompose in highly oxidative environments and when exposed 
to highly reactive analytes [25-27].  Tenax TA has been successfully employed to countless gas 
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sampling systems such as the capture of C6-C9 hydrocarbons [28] and an insecticide, chlordane 
[29]. 
 The other porous polymer classes are often frequently used, but each has its own benefits 
and limitations which make them optimal for certain systems.  They are all in general suffering 
from limitations in chemical and thermal stability.  Chromosorb adsorbent materials (primarily 
Chromosorb 106) are often employed as an alternative option to Tenax for the sampling of 
volatile and polar compounds due to a higher specific surface area and significantly different 
chemistry [10].  However, Chromosorb materials often produce background and blank signal 
levels that are too high to be practical for trace analysis [30].  Chromosorb has been used 
frequently with various degrees of success for applications such as the capture and monitoring of 
low levels of atmospheric organic compounds [31].  Porapak [32-33] and  XAD amberlite resins 
have also been employed to some systems with moderate success. 
1.2.  Carbon Adsorbent Materials in Gas Sampling Applications 
 A number of carbon-based materials are also commonly employed for gas sampling 
applications including activated carbon.  Activated carbon is the most widely used sorbent and it 
has been used for over a century [34].  The usefulness and appeal of activated carbon is derived 
from large micropore and mesopore volumes and the resulting high surface areas.  Activated 
carbons are formed through the high-temperature carbonation of a carbonaceous starting material 
followed by gas or chemical activation.  Activated carbons have broad pore size distributions 
usually centered around 1.0 to 3.0 nm and high specific surface areas (800-4000 m2/g) [34]. 
Activated carbon possesses a chemically heterogenous surface with carboxylic-, 
carbonyl-, and hydroxyl- functional groups often being present along with mineral admixtures 
[35].  The result is the presence of a wide range of specific interactions between the carbon 
surface and the analyte often causing irreversible adsorption of polar compounds such as 
 alcohols and ketones [36-38] and stronger interactions with water than the other carbon 
adsorbents due to the presence of surface oxygen 
stable, however, many polar analytes
practical [10].  In terms of gas sampling applications, activated carbons are commonly used as a 
passive adsorbent material to monitor workplace and ambient air 
 Another type of carbonaceous adsorbent material is carbon
synthesized through the pyrolysis of organic polymers such as poly(vinylidene chloride) and 
poly(vinyl chloride) [22].  Material properties such as particle size, pore size, surface area, and 
pore size distribution can be controlled through the choice of starting polymer and the pyrolysis 
condition.  There are several commercially available carbon molecular sieves including 
Carboxen, Carbosieve, and Ambersorb and they commonly possess surface areas in the range of 
500-1000 m2/g and are thermally stable above 400°C 
569, a commercially available carbon molecular sieve, is shown below in 
Figure 1.2: An SEM image of the commercially available carbon molecular sieve, Carboxen 569.  
Image taken from [10]. 
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[39].  Activated carbons are very thermally 
 adsorb too strongly or react before thermal desorption is 
[40-42].   
 molecular sieves, and they are 
[10].  An SEM micrograph of Carboxen 
Figure 
 
1.2 [10]. 
7 
 
The main advantage of the carbon molecular sieves is that they possess a much narrower 
distribution of narrower pores than activated carbons.  Like activated carbons, the interactions of 
carbon molecular sieves are primarily dispersive in nature, but they can possess certain 
functional groups on the surface depending on the starting material and processing steps [10].  
Although classified as a nonpolar adsorbent, carbon molecular sieves adsorb substantial amounts 
of water due to the presence of surface oxides and possible condensation in the material’s 
micropores [43-44]. 
Carbon molecular sieves are commonly used in the enrichment of C2-C5 hydrocarbons 
due to the ability of the high surface area material to capture the more volatile compounds [30, 
45].  They are often used in combination with weaker adsorbents placed ahead of the carbon 
molecular sieve to prevent the adsorption of less volatile compounds [46-47].  There are issues 
with reactivity of compounds such as 1,3-butadiene and isoprene on carbon molecular sieve 
surfaces and this limitation is one of the primary limitations of these materials [48-49]. 
The final type of carbonaceous adsorbent material addressed here is graphitized carbon 
blacks which are made from soot in inert atmospheres at temperatures as high as 2700°C [10].  
Treatment with hydrogen and acid washes result in a surface that is highly nonpolar and 
homogenous [50-51].  The most common commercially available graphitized carbon black is the 
Carbotrap class of compounds and they possess lower surface areas (5-500 m2/g) and high 
thermal stability.  The highly dispersive nature of the graphitized carbon black surface creates 
differences in interactions which are due primarily to the degree of contact with the surface.  
Because of this, these materials are commonly used as shape selective stationary phases in 
chromatography applications [52-53].  A SEM micrograph of Carbotrap X is shown below in 
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Figure 1.3.  In this figure you can see the smaller irregular particle shape when compared to the 
carbon molecular sieve material shown in Figure 1.2. 
 
Figure 1.3: An SEM micrograph of the commercially available graphitized carbon black 
material, Carbotrap X.  Figure is taken from [10]. 
 
 In terms of gas sampling applications, graphitized carbon blacks have been commonly 
employed in the analysis of ambient air.  These materials are most commonly combined in a 
adsorbent bed with other materials and have resulted in the identification of over 100 polar and 
nonpolar chemical species in the range of C4 to C14 present in the gas sample [54-55].  One of 
the most intriguing aspects of using graphitized carbon blacks in gas sampling applications, 
however, is the fact that the strongly hydrophobic surface could allow for sampling very humid 
gas streams without the need for drying agents [46].  There are some reports of chemical reaction 
upon graphitized carbon blacks as well as issues with breakthrough due to the limited surface 
areas [56-57]. 
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1.3.  Conclusions 
 Despite the range of adsorbent materials available, there is no “universal” material that 
works for all gas sampling applications.  Each of the types of materials is applicable to certain 
systems, but each adsorbent is severely limited by certain deficiencies.  Often times to overcome 
difficulties specific to an adsorbent class, several adsorbents are used in tandem in many gas 
sampling applications. 
Commonly used polymeric resins all suffer from limitations in chemical and thermal 
stability.  Many of these polymer adsorbents introduce an unacceptable background signal.  
Although they are commonly used, activated carbons are limited primarily by their adsorption of 
water, irreversible adsorption, reaction of analytes, and high desorption temperatures required.  
These problems for activated carbons are compounded when dealing with trace analytes.  Carbon 
molecular sieves work very well for very volatile compounds, however they do not do well with 
low boiling compounds and they too adsorb water.  Graphtitized carbon black does not adsorb 
water and has improved inertness compared to the other carbonaceous materials, however it 
suffers from a lower specific surface area and low retention of very volatile compounds. 
 There is a need for new adsorbent materials to overcome the limitation of current 
adsorbents.  In general, novel adsorbent materials that would be best suited for gas sampling 
applications should possess a narrow (and controllable) pore size distribution, a high surface 
area, moderate interactions, chemical inertness, and thermal and chemical stability. 
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Chapter 2 Overview of Metal-Organic Frameworks (MOFs) and Their Applications 
 The purpose of this work is to explore the applicability of Metal-Organic Frameworks 
(MOFs) as high-efficiency selective adsorbents for applications involving the capture of trace 
levels of vapors (e.g. gas stream purification, preconcentration and coatings for sensors).  MOFs 
are a new class of crystalline nanomaterials with material properties and designability [1-4] that 
could combine to make them ideal candidates for the capture and desorption of volatile organic 
compounds (VOCs) along with several other applications [5-9]. 
As discussed in Chapter 1, materials presently used for these types of purification and gas 
sampling applications (such as carbonaceous adsorbents, zeolites, silicates, and polymeric resins) 
are limited by issues related to broad pore size distributions, excessive regeneration conditions, 
slow adsorption/desorption kinetics, low surface areas, insufficient distribution coefficients, or 
unacceptable thermal or chemical stability. 
There are currently over 10,000 MOF structures cataloged in the Cambridge Stuctural 
Database [10] and many of them possess unique adsorption properties.  Properties such as 
moderate heats of adsorption, chemical and geometrical designability, and unprecedented 
porosity give many MOFs great potential to revolutionize and improve the efficiency and 
applicability of many adsorption processes. 
2.1 What are MOFs: Design, Synthesis, and Properties? 
 Over roughly the past decade, Metal-Organic Frameworks (MOFs) have attracted a great 
deal of attention as a new class of microporous material.  MOFs are synthesized through the 
careful reaction of an organic and inorganic component under carefully controlled synthesis 
conditions (e.g. solvent, pH, concentrations, temperature).  As opposed to the synthesis of many 
inorganic materials, it is the solvent itself that serves as the template in MOF synthesis.  The 
result is the crystallization of a highly-ordered framework in which the metal ligand complexes 
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form vertices that are connected by organic linkers and often results in pores of molecular 
dimensions [11].  The explosion of new research related to MOFs is primarily the result of the 
work being done by Omar M. Yaghi and his research group.  Their major contribution to this 
field is the demonstration of the design of extended molecular networks through the use of rigid, 
well-defined building blocks that maintain their shape throughout the framework construction [3, 
12]. 
 
Figure 2.1: This figure is from reference [1] and shows the IRMOF family developed by Yaghi’s 
group.  This demonstrates the designability of MOF synthesis and gives insight to the range of 
MOFs possible. 
 It is the “reticular” nature of MOF synthesis through the use of rigid “secondary building 
units (SBU)” (a term borrowed from the zeolite community) that allows for such unique 
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“designability” in MOFs and has allowed for the rapid design of so many framework materials 
[4].  The nature of this reticular chemistry developed leads to the creation of large families of 
MOFs simply by employing organic ligands with minor structural changes.  The synthesis of 
MOFs can be readily adapted to control pore geometry and chemistry.  A family MOFs which 
are close structural analogues is coined by Yaghi’s group as “isoreticular MOFs” (or IRMOFs) 
and the primary example of such an IRMOF family is shown above in Figure 2.1 [1].  The 
prototype and simplest member of IRMOF is IRMOF-1 (MOF-5) in which octahedral Zn-O-C 
clusters are linked together by benzene struts to build up the framework.  The IRMOF family is 
expanded (as shown in Figure 2.1) by increasing the number of benzene rings present on the 
organic ligands or by adding functional groups onto the benzene. 
 The fact that MOFs can be synthesized with a wide variety of cation species (much 
greater than is present in inorganic adsorbents) along with the large choice of functionalized 
organic linkers from which to choose has led to the massive explosion of MOF structures 
reported.  The primary organic functional groups to associate with the inorganic components are 
oxygen and nitrogen donor species.  For oxygen-based groups (in the form of mono- or 
polycarboxylates, mono- or polyphosphonates, and rarely sulfonates) there are several different 
mechanisms possible for linkage to the inorganic cations including chelation and the formation 
of single bonds.  The nitrogen-based groups (cyanides, pyridine, imizaoles, etc) are fixed directly 
to the inorganic cation.  In addition, the organic phase itself can possess its own tailored, 
functional groups and because of this the number of MOFs possible is truly very large indeed.  
The number of MOFs already developed is truly amazing as is the array of complexity which has 
been exploited often resulting in flexible and breathable materials that respond to environmental 
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stimuli [3, 13-16].  Figure 2.2 below shows MOFs of 0-3 dimensionality for the inorganic 
subnetwork [11]. 
 
Figure 2.2: This figure shows reprentative MOFs of various dimensionality.  This is included to 
give a small sampling into the diversity possible with MOFs.  Figure from [11]. 
 
 There are a number of comprehensive reviews discussing the experimental synthesis, 
characterization, and variety of MOFs existent [6, 10, 17-18].  In general, the pores of MOFs are 
on the order of 1 nm and they often possess unprecedented porosity with specific surface areas of 
500-4500 m2/g and extraordinarily low densities (0.2-1 g/cm3) [8].  While the vast majority of 
research has been devoted to the direct synthesis, characterization, and post-modification of 
MOFs [19-21], it is the applications for which they are envisioned that motivate the work and 
which have been receiving much more recent attention. 
 In addition to more traditional applications for microporous adsorbents such as gas 
storage, separations (these will be discussed in more depth below), sensing [22-25], and catalysis 
[5, 26-31], MOFs have also been investigated for their interesting optical [32-35], magnetic [36-
39], and electronic [40-44] properties.  Primary limitations for the application of MOFs are 1) 
issues of variability of properties depending on synthesis and activation methods [45-50],  2) 
limited chemical, mechanical and thermal stability of many MOFs [46, 51-53], and 3) a lack of 
fundamental understanding of synthesis and adsorption mechanisms to help screen out 
candidates from the large library available [54-56]. 
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2.2 Overview of Gas Storage Applications for MOFs 
 Microporous materials have a significant role in gas storage applications with activated 
carbons probably playing the most important role at the current time.  However, many of the 
advantages of activated carbons (such as the high surface areas) are offset by poorly defined and 
varying surface chemistries and pore sizes [57-58].  Because of their well-defined crystalline 
nature, MOFs have the potential to overcome these limitations while also having the capable for 
even larger surface areas.  Because of the advantages of MOFs in this arena, one of the most 
studied end applications directing the design and characterization of MOFs is the high pressure 
storage of light gases such as hydrogen, carbon dioxide, acetylene, and methane for energy and 
environmental purposes [7].  Unique characteristics of MOFs such as the considerable flexibility 
of MIL-53 [59] and MIL-88 [60-61] and the ability to include accessible cation sites and organic 
functional moieties [62-64] allow for intriguing gas storage behavior. 
 For the realization of a “hydrogen economy” there are several significant obstacles, not 
the least of which is the ability to safely store large amounts for automotive applications (the 
U.S. Department of Energy goal for 2015 is 9.0 wt% and 81 g/L) [7].  One of the primary 
mechanisms investigated for this application is the physisorption on nanomaterials such as MOFs 
[8, 65-66] (zeolites [67] and carbonaceous adsorbents [68-69] have also been extensively 
studied).  The interactions of physisorbed hydrogen molecules with a microporous material are 
inherently weak with typical heats of adsorption less than 10 kJ/mole.  Although this means that 
there are no issues with recovery and reversibility, it also means that there is no appreciable 
adsorption except at cryogenic temperatures which are obviously impractical.  Additionally, 
large storage capacities are only realized at very high pressures [7].  It has been demonstrated, 
however, that under these conditions the physisorption upon MOFs can function to increase 
storage capacity over storage in an empty cylinder.  This type of result is summarized below in 
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Figure 2.3 and it can be seen that the copper-based MOF that is a modified version of the famous 
HKUST-1 [62] shows the best uptake under these conditions.  Despite a significant enhancement 
over an empty cylinder (especially at the lower pressures) the current state of the art is far from 
the end goal capacities (especially at practical temperatures [6]).   
 
Figure 2.3: This figure shows the uptake of hydrogen on a variety of MOFs at 77K and elevated 
pressures compared to the storage capacity of an empty cylinder.  Figure from [6] 
 
 In general for microporous adsorbent materials, it appears that the hydrogen storage 
capacity depends far more upon the available surface area than the chemical composition [48, 
67].  However, the saturation pressure and the uptake at low pressures have been found to be 
dependent upon the chemistry of the material surface [7].  In example of this observation is the 
work of Hirscher and Panella [70] in which they studied IRMOF-1 and HKUST-1 and 
determined that at low pressures the adsorption is dominated by differences in the heats of 
adsorption.  These differences were attributed to the presence of accessible cations and the pore 
sizes available for interaction.  This type of trend can be seen in Figure 2.3 above where the 
uptake of the copper-based MOF is enhanced at lower pressures.  Under cryogenic conditions, 
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the maximum adsorption capacity of a MOF is currently reported at around 7% for MOF-177 (at 
77K and 70 bar) [66, 71] which is shown in Figure 2.4 in the context of other MOFs.  In 
comparison, the highest value of hydrogen uptake in a zeolite is around 1.8 wt% [67]. 
 
Figure 2.4: This plot shows the capacity of several MOFs for hydrogen storage.  MOF-177 
currently has the highest storage capacity at 77K of roughly 7%.  Figure is from [66].  A unit cell 
of MOF-177 is shown in the inset [71]. 
 The primary obstacle is the improvement of storage capacities realized at ambient 
temperatures.  The highest surface area MOFs and carbons are only able to achieve 1-2 wt% 
under these conditions and have heats of adsorption around 5-10 kJ/mole (same magnitude as 
thermal vibrations) [7].  One approach to overcome this limitation is the need for a significant 
increase in the specific surface area of the materials, however this seems impractical to reach the 
desired limit.  The alternative method is to increase the heat of adsorption (possibly to as low as 
15 kJ/mole [72]) to provide for improved adsorption at room temperature.  Heats of adsorption 
for hydrogen on a MOF have been measured as high as 10 kJ/mole [73-74] showing that this 
approach may have potential.  Incorporating enough high energy sites into the framework to 
allow for high capacities at ambient temperatures may pose to be a difficult challenge. 
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 Storage of other light gases (e.g. methane and propane) for energy applications have also 
been investigated.  For practical storage purposes, the amount of methane adsorbed on a material 
must compete with the density of compressed natural gas which will require a storage target of 
around 35 wt% [75].  Unlike for hydrogen, the heats of adsorption for most microporous 
materials is sufficient for methane storage (>10-20 kJ/mole).  In addition the capacity of methane 
storage correlates very strongly to the specific surface area much as it does for hydrogen storage 
[7].  Because of the engineering need to compete with compressed natural gas, established 
materials (primarily carbonaceous adsorbents) have limited applicability for methane storage 
primarily due to low packing densities [76]. 
 MOFs can overcome some of these limitations by allowing for higher surface areas and 
extremely low material density.  It has been well documented that MOFs adsorb substantial 
amounts of methane [15, 77].  There is one MOF, IRMOF-6, that is significantly improved over 
the other materials as having demonstrated exceptionally high methane adsorption [1].  The 
structure of IRMOF-6 is shown in Figure 2.1 and is closely related to IRMOF-1 with the addition 
of a cyclic organic group attached to the benzene linker.  The amount of methane adsorbed at 
298 K is shown below in Figure 2.5.  It can be seen that at a pressure of 36 atm the uptake was 
nearly 240 cm3/g (nearly 3 times that of the maximum reported value of a zeolite) [1].  The 
issues facing methane storage are very similar to those for hydrogen storage (higher surface 
areas).  The main difference is the higher interaction energies for methane.  The primary 
obstacles for methane storage using MOFs are of an engineering and economic nature [7]. 
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Figure 2.5: This figure shows the highest uptake of methane in a MOF material at 298K.  At safe 
storage levels (36 atm) the methane uptake on IRMOF-6 is around 240 cm3/g. [1] 
 
 
 Storage of other gaseous hydrocarbons has also been investigated although to a much 
lesser extent.  In a manner similar to hydrogen, it was shown that a cylinder containing MOF 
crystals can contain 3 times the amount propane as opposed to an empty cylinder [6].  One 
amazing example is that of Matsuda et al. [78] who have demonstrated the storage of acetylene 
on a MOF at levels exceeding 200 times the compression limit at room temperature due to 
hydrogen bonding between 2 non-coordinated oxygen atoms in the framework with 2 hydrogen 
atoms of the adsorbed acetylene.  These interactions keep the acetylene molecules at a fixed 
distance safe for high density storage [78].  Very recently, a paper was published in which 
acetylene adsorption was compared between different MOF materials finding the open metal 
sites of HKUST-1 providing a significant enhancement at low pressures (201 cm3/g at 295 K and 
1 atm) [79].  The storage of acetylene through physisorption offers one of the more intriguing 
and immediate applications for MOFs. 
 The reduction of carbon dioxide levels is of great importance to both environmental and 
energy applications as CO2 widely known to be a great contributor to global warming.  
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Significant efforts are needed for the reduction of CO2 emissions and improved methods of CO2 
sequestration [7].  Zeolites and carbonaceous adsorbents have been investigated for these CO2 
adsorption, however, the cost of regeneration is often a major limitation due to physisorption 
[80].  MOFs have been demonstrated in these applications as having significantly milder 
regeneration conditions for CO2 (typically <423 K) which represents a considerable energy 
savings for these processes [81].  There have been many interesting effects discovered regarding 
the adsorption of CO2 in MOFs including the effects of framework flexibility (particularly many 
of the MIL- structures, e.g. MIL-53 and MIL-88).  A pressure controlled gate-effect is seen in 
these types of materials where they are closed and show little uptake initially, but at higher 
pressures there is a step in the isotherm and large capacities can be achieved.  There is a 
significant impact of hydration upon the adsorption capacities of these types of materials and the 
selectivity over other gases (such as methane) are substantially different between the open and 
closed forms [81-82]. 
 In a general way, CO2 is adsorbed to a much greater degree than methane.  This 
enhancement is largely attributed to the large quadrapole moment for CO2 (-1.4 ×1035 C m2) [11, 
83].  This quadrapole moment induces specific interactions with the adsorbent surface that are 
not possible with the completely nonpolar methane molecules.  The best adsorbents for CO2 are 
currently MOF-177 (as was the case for hydrogen) and MIL-101 (which has a specific surface 
area of 5900 m2/g) .  These two MOFs are capable of adsorbing more than 30 mmol/g at 
pressures of 40-70 bars (representing up to a 10 fold increase over an empty cylinder volume) 
[11].  These results are shown below in Figure 2.6 in which the selectivity over methane is also 
demonstrated. 
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Figure 2.6: The adsorption of carbon dioxide and methane are shown on three high surface area 
MOFs (MIL-100, MIL-101, and MOF-177).  The strong adsorption of CO2 is shown. [11] 
2.3 Overview of Gas Sampling and Separation Applications for MOFs 
In general, compared to the large amount of attention given to gas storage on MOFs, their 
application for the separation of hydrocarbons is quite limited.  Selective adsorption of light 
gases like those discussed above have been put forth as a separation method, but in terms of 
experimental demonstration of separations of larger hydrocarbons, the data set is very limited.  In 
terms of the separation efficiency of MOFs, the size of the pores and pore openings plays a 
critical role in the selectivity (much as it does in molecular sieves), particularly in the case of 
small molecules [84].  For larger hydrocarbons (e.g. linear and branched alkanes and aromatics), 
not only the size of the pores, but also the shape, porous hierarchy, and chemical nature are very 
important factors in the separation efficiency [85-87]. 
Demonstration of the separation capability of MOFs have been primarily for gas phase 
adsorption of hydrocarbon mixtures although recently a MOF-based selective sorbent was 
reported for potential use in liquid chromatography [88].  One paper that fits closely to the work 
in our group was reported by Chen et al. [86] and demonstrates the chromatographic separation 
of alkane isomers through the use of adsorption upon an interpenetrated MOF with small 
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channels.  Figure 2.7 below shows a representative chromatogram from this work demonstrating 
the efficient separation of hexane isomers [86]. 
 
Figure 2.7: This chromatogram shows the application of MOF adsorption to the efficient 
chromatographic separation of hexane isomers. [86] 
 
Other work regarding the separation of larger hydrocarbons includes the use of a MOF to 
efficiently separate xylene isomers as well as ethylbenzene as measured through single- and 
multicomponent breakthrough experiments [89].  Similar work was done previously to probe the 
selectivity of these C8 alkylaromatic compounds on MIL-47 and MIL-53 [90-92].  
Chromatography methods have also recently been reported regarding the measurement of the 
low-coverage adsorption properties of C5-C8 linear and branched alkanes, cyclohexane, and 
benzene on MIL-47 [93].  This represents an example of only a handful of studies to measure 
low coverage thermodynamic properties as well as demonstrates separation capabilities of this 
MOF [56].  Recently, gravimetric and manometric techniques were applied to studying 
adsorption of C1-C9 n-alkanes on different forms of MIL-53 (with different cation species).  The 
authors determined that the adsorption properties on MOFs for even simple alkane molecules is 
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not straightforward and effects were seen regarding the metal centers present as well chain-
length dependcen for the shape of the adsorption isotherms [94]. 
Feasibility for using MOFs in purification applications was first addressed when a Cu-
BTC MOF was used to purify air from hydrocarbons, CO2, and moisture and found to be far 
superior to a commercial activated alumina sample for the adsorption of dodecane vapor [95].   
However, there has been very little subsequent work reported regarding MOFs for similar 
applications.  One paper to this end was written by Britt et al. which reported the performance of 
6 MOFs as selective adsorbents for harmful gases such as sulfur dioxide and carbon monoxide 
under dynamic conditions and found that there is great potential for the improved performance 
by the usage of MOFs in place of activated carbon in these applications [96]. 
Previous work performed in our group demonstrated the ability of IRMOF-1 to act as a 
selective adsorbent for the preconcentration of dimethylmethyl phosphonate (DMMP) over n-
dodecane.  It was reported that low concentration exposure for short time periods followed by 
thermal desorption at 250°C resulted in preconcentration gain factors of approximately 5000 for 
DMMP (shown below in Figure 2.8) and only around 5 for n-dodecane.  Comparison tests 
performed using commercial adsorbents (Tenax TA and Carbotrap) resulted in much lower 
adsorption capacities and preconcentration gains for DMMP of only 2 for Tenax TA.  It is 
hypothesized that the increased selectivity of DMMP over dodecane was due to the ability of 
DMMP to interact via dipole-dipole interactions as opposed to the strictly non-polar interaction 
of n-dodecane [97]. 
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Figure 2.8: This figure shows the preconcentator gain of DMMP on IRMOF-1 by a factor of 
roughly 5000.  [97] 
 
2.4 Conclusions 
 The highly desirable porosity of MOFs as well as their designability make them strong 
candidates for the adsorption applications typically explored for more traditional microporous 
adsorbent materials such as zeolites, activated carbons, and polymer resins.  In addition, MOFs 
typically have moderate heats of adsorption allowing for regeneration and thermal desorption of 
the adsorbent material (something that is not always possible with the other materials).  There is 
a vast library of MOF structures currently available representing a wide range of material 
properties. 
 MOFs show great potential for use in storage applications involving gases like hydrogen, 
methane, and acetylene, although in the case of hydrogen, there is a significant gap between the 
DOE goal and the current achievable capacity.  Carbon dioxide adsorption does not face the 
energetic issues related to ambient temperature uptake of hydrogen due to a strong quadrapole 
moment and this represents a significant potential role in environmental and energy applications.  
Separations have been demonstrated using adsorption of MOFs in both the liquid and gas phases, 
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however, these reports are extremely limited.  Purification and preconcentration applications 
have also been addressed, but to an even lesser extent.  The result is that there is a limited data 
set available regarding the adsorption of larger hydrocarbons on MOFs and a vast library of 
MOFs available.  Molecular screening methods could help guide the synthesis and design of 
MOFs for particular applications, but there is a great deal about the fundamental mechanisms of 
synthesis and adsorption in these materials that is not known. 
 The great advantage of using highly crystalline materials such as MOFs in applications 
involving adsorption is the degree of characterization possible by using diffraction methods to 
determine accurate 3-D representations.  From this information the porosity and surface area 
available can be calculated and the contribution of interactions from the organic and inorganic 
species of the framework can be accurately modeled.  However, in many cases the theoretical 
porosity is not always available due to issues with solvent/guest removal, defects in the 
crystalline structure, and the presence of impurities.  Issues of reproducibility and deviation from 
theoretical properties further complicate the application of MOFs to real world problems. 
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Chapter 3 Background and Theory of Inverse Gas Chromatography for Porous Materials 
 An inverse gas chromatography (IGC) methodology was employed for the majority of 
experimental data presented in this dissertation due to the small amount of adsorbent required for 
accurate measurements, the quicker nature of these measurements when compared with static 
methods such as microcalorimetry, and the fact that the results have been shown to be 
comparable with other measurements [1-3].  IGC allows for the study of much lower loadings 
allowing for an easier direct measurement of Henry constants and zero-loading heats of 
adsorption.  The IGC method also represents a dynamic adsorption technique with conditions 
closer resembling those relevant for many applications [4]. 
3.1 What is Inverse Gas Chromatography? 
 Inverse gas chromatography (IGC) is different from analytical applications in that it is the 
adsorbent stationary phase that is under investigation in IGC and known analyte molecules 
injected into the mobile phase act as a probe.  It is through this inversion of the role of the phases 
that IGC gets its name.  The application of IGC is typically in regards to studying the surface 
property of a solid adsorbent and therefore the principles and theory correspond to that of 
traditional adsorption chromatography that dates back to 1903 [5]. 
Chromatography in general did not begin to become the powerful analytical technique 
that it is today until the development of gas-liquid chromatography (GLC) reported in 1952 
which overcame many of the limitations of gas-solid chromatography (GSC) by replacing the 
often highly active and heterogeneous solid surfaces with a homogenous liquid phase [5].  
Whereas the primary limitations for GSC are nonlinear isotherms resulting from physical and 
chemical heterogeneity, the limitations of GLC are usually related to the volatility and 
temperature limits of the liquid phase [2].  In terms of mass transfer and kinetic processes, GSC 
systems (like those of IGC measurements on porous solids) typically have minimal delays in the 
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adsorption process itself with primary delays due to mass transfer into and out of the material 
and slower desorption mechanisms [5].  The surface of a solid sorbent in GSC (and IGC of 
similar materials) is a powerful technique due to the ability to directly measure low concentration 
equilibrium distributions which can be strongly impacted by minute changes in the geometric 
and chemical nature of the surface.  IGC has been widely used to study a very wide range of 
compounds (e.g. synthetic and biological polymers, copolymers, polymer blends, foods, and 
carbon blacks) and is often used to determine heats of adsorption, diffusivities, surface 
heterogeneity, and other energetic information [1]. 
3.2 Inverse Gas Chromatography Theory and Practice 
 Greene and Pust [6] first showed in 1958 that heats of adsorption may be obtained from 
gas chromatography measurements if certain conditions are obeyed.  These conditions are 
namely that equilibrium is virtually attained and that the adsorption isotherm has an initial linear 
region (the Henry’s region).  In the linear region of an adsorption isotherm, the retention volume 
is independent of the concentration and the result is narrow symmetrical peak [5, 7].  The 
uncorrected retention volume (the time between injection into the column and detected elution) 
is the primary dependent variable which is directly measured in most IGC experiments.  The IGC 
experiments can be operated in the form of either a frontal or pulse technique as demonstrated 
below in Figure 3.1.  In the case of a frontal technique the point of elution is usually taken as the 
time at which a set percentage of the step change in detector response has occurred.  The main 
advantage of using a frontal technique is that it assures the establishment of an equilibrium, 
however, it may be very timely to wait for total desorption between trials [2, 7]. 
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Figure 3.1: Schematic diagrams of frontal and elution (pulse) chromatography techniques used 
for the determination of retention (breakthrough) volume[8]. 
 
 Care must be taken to ensure that the observed elution peaks from a pulse 
chromatography system represent equilibrium conditions from the Henrys region of the isotherm.  
Elution peaks in chromatography broaden from several different causes including: 1) artifacts of 
sample injection, 2) delays in adsorption, desorption, and mass transfer, 3) axial diffusion, 4) and 
nonlinearity of the adsorption isotherm.  Complications arise in the desire to ensure that 
equilibrium is achieved in the IGC system (usually achieved by slower flow rates) without 
significant detriment to column performance (due to increased residence time and axial diffusion 
effects).  This is usually done through flow rate optimization.  Independence of retention volume 
upon flow rate is important to ensure that the measurements represent equilibrium conditions and 
independence upon injections size is necessary to ensure linearity of the adsorption isotherm.  
The relationship between the shape of an adsorption isotherm and the shape of an elution peak is 
shown schematically below in Figure 3.2 [2, 5, 7]. 
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Figure 3.2: Schematic representation of the effect of adsorption isotherm shape upon the shape of 
the elution chromatogram.  Figure from [2]. 
 
 The IGC data presented in this dissertation was analyzed through well-established 
calculations to obtain values for the corrected specific retention time of a given analyte at a 
specific temperature.  The inlet pressure (pi), column temperature (Tc), corresponding measured 
flow rate (Fm), and the time between injection and elution (tR) were first measured for methane at 
elevated temperatures.  The corrected dead volume, VM, was calculated by Equation 3.1 below in 
which j (defined in Equation 3.2) is the James-Martin “compressibility correction factor” [9-10].  
The compressibility is a critical term to calculate the average flow rate through a column which 
undergoes a particular pressure drop.  The outlet pressure, po, is assumed to be atmospheric 
pressure, and the temperature correction term of 294.25K is the calibration temperature of the 
flow meter. 
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 =  ×  ×  
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Equation 3.1 
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 − 1 
Equation 3.2 
 After determining the dead volume of the column setup, the corrected specific retention 
volume, VN, (Equation 3.3) and the number of theoretical plates, N (Equation 3.4), can be 
calculated for Gaussian, symmetrical peaks using tR, the width at the half maximum of the peak 
(dl) and the mass of adsorbent in the column (m). 
 =  ×  × 294.25 ×  −  
Equation 3.3 
 = 82 × 	

 
Equation 3.4 
The specific retention volume at zero coverage can be converted into the Henry’s 
constant (Kc) by assuming ideal gas behavior.  The Henry’s constant is the low coverage slope of 
the adsorption isotherm and is therefore the proportionality constant between the specific amount 
adsorbed and the gas phase concentration.  Conversion of VN to more familiar units of Kc 
(mole/kg/Pa) is done through the application of Equation 3.5 in which R is the universal gas 
constant [5]. 
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Equation 3.5 
 
 To calculate value for the enthalpy of adsorption, a technique commonly employed in gas 
adsorption IGC is to exploit the direct proportionality of the net retention volume and the 
equilibrium (Henry) constants for infinite dilution.  This proportionality along with the van’t 
Hoff relationship (Equation 3.6) leads to a straightforward method for calculating the differential 
enthalpy of adsorption, ∆H, from the slope of a plot of ln(VN) versus the inverse absolute 
temperature [5, 7, 11].  Such a linear relationship used for the calculation of differential enthalpy 
is demonstrated below in Figure 3.3 for adsorption on active carbons [12]. 
 
Figure 3.3: A demonstration of the linear nature between the natural logarithm of retention 
volume and inverse absolute temperature for an activated carbon. [12] 
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Equation 3.6 
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 The standard free energy change of adsorption, ∆G, can be calculated from VN from 
Equation 3.7 when adsorption is occurring in the Henry’s region [11-14].  In Equation 3.7, S is 
the specific surface area of the adsorbent, pi0 is the reference two-dimensional surface pressure 
and P0 is the adsorbate vapor pressure in the gaseous standard state.  The standard reference state 
used is that proposed by de Boer in which P0 is equal to 101.3 kPa and pi0 is equal to 0.338 
mJ/m2.  The standard entropy change of adsorption, ∆S, is calculated by Equation 3.8 [14]. 
∆ = −
    
Equation 3.7 
∆ = ∆ − ∆
  
Equation 3.8 
Analysis of the energetic components for a material’s surface was performed using 
established means of separating the dispersive and specific components of the surface energy [2-
3].  The method of Dorris and Gray [15] was used to calculate the dispersive component of the 
surface energy, γsD, by plotting the free energies of a series of n-alkanes is plotted versus the 
chain length to yield a straight line with a slope of ∆GCH2.  By then analyzing the contribution of 
each additional methylene group to the free energy, the area of the a methylene group (aCH2=0.06 
nm2), Avogadro’s number (N),  and the surface energy of a polyethylene-like surface composed 
of closely packed methylene groups (γCH2), γsD of the material can be estimated by Equation 3.9.  
The value of γCH2  (mJ/m2) is commonly calculated at a temperature  in °C, T, by Equation 3.10.  
The value of γsD is temperature-dependant and a commonly used measure of the activity for a 
material’s surface.  Although the value of γsD is often times questioned due to errors in 
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estimating values of γCH2 and aCH2 as well as the effect of microporosity and the curvature of the 
surface upon the calculated energy, it is commonly reported for many different materials 
including microporous aluminas, zeolites, and porous carbons [3, 11-13, 15-17].  The value of 
γs
D
 is one most commonly measured values of a material surface and is essentially a measure of 
the ability of the surface to form interactions through van der Waal’s interactions [14]. 
 = 1 −∆2

 
Equation 3.9  
 = 35.6 + 0.058	293 −  
Equation 3.10 
 In a similar manner, the free energies can be plotted against the values of other molecular 
properties to identify the effects of “polarity” upon the specific component of the free energy.  It 
is common to plot the free energy of adsorption versus the vapor pressure [18] or the 
deformation polarizability [12, 19-21] of the sorbate, resulting in a linear relationship for the 
nonpolar n-alkane probes.  In literature, the offset between the n-alkane reference line and the 
value of polar probes is equal to the specific component of the free energy and is due to the 
effects of the adsorbate’s polarity.  Values for the molecular polarizability, dipole moments, 
acentric factors, and critical temperatures and pressures were all obtained from either the CRC 
Handbook of Chemistry and Physics [22] or Perry’s Chemical Engineer’s Handbook [23].  
Values used for vapor pressures and polarizability calculations for each investigation are 
included in the Appendices A-C which corresponding to a specific chapter.  The concept behind 
calculating the specific free energy by the offset from a nonpolar line is shown below in Figure 
3.4. 
43 
 
 
Figure 3.4: A schematic diagram demonstrating the calculation of the specific component of free 
energy by the offset from a nonpolar standard line.  Figure from [19]. 
 The concept of calculating the specific component of free energy by plotting the free 
energy versus log(P0), where P0 is the vapor pressure at that temperature, was first presented by 
St. Flour and Papirer [18].  The methodology was successfully applied to a wide variety of 
materials such as silica and glass fibers.  Conceptually, this method compares the magnitude of 
the sorbate-sorbate interactions at this temperature and assumes that the interaction between the 
adsorbent and the sorbate will be proportional.  In this work, the vapor pressure at a particular 
temperature is estimated by the method of Lee and Kesler [24] using the critical temperature, 
critical pressure, acentric factor (ω) for a given chemical species.  The Lee and Kesler method 
uses Equation 3.11, Equation 3.12, Equation 3.13 in which Tr and Pr are the reduced 
temperatures which result from dividing the temperature and pressure of interest by the critical 
temperature and pressure respectively.  Typical error from this calculation has been shown to be 
less than 2% under most reasonable conditions. 
 = () +  × () 
Equation 3.11 
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() = 5.92714 − 6.09648 − 1.28862 ×  + 0.169347 ×  
Equation 3.12 
() = 15.2518 − 15.6875 − 13.4721 ×  + 0.43577 ×  
Equation 3.13 
 The failure of the above methodology for materials with relatively high London 
dispersion energies, like carbon blacks and graphite powders, is often reported [19-20] and led to 
the work first proposed by Donnet et al in which the deformation polarizability is used in place 
of the vapor pressure [12, 19-21].  Recently, polarizability has been used to correlate observed 
adsorption behavior in novel nanomaterials including carbon nanotubes [25] and MOFs [26].  
Deriving from the fundamental London Equation, the free energy of adsorption can be plotted 
against a term of combining the characteristic electronic frequency of a molecule, υ, and the 
deformation polarizability, α0.  Deformation polarizabilities can be obtained directly from the 
CRC Handbook of Chemistry and Physics [22] and υ can be calculated from Equation 3.14 
below where e is the elementary charge and me is the mass of an electron.  An example of the 
successful application of the deformation polarizability to correlate the adsorption of polar 
compounds on carbon fibers is shown below in Figure 3.5 [19]. 
 = 1
2  

! 
Equation 3.14 
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Figure 3.5: An example of the successful application of deformation polarizability to the 
calculation of specific components of surface energy for polar compounds on carbon fibers.  
Figure from [19]. 
 
 Additionally, the Linear Free Energy Relationship (LFER) derived by Abraham [27-28] 
and commonly employed in a wide variety of applications including the characterization of 
stationary phases [29-32] and adsorbent materials [33-37] was used to correlate the observed 
data to molecular descriptors.  It has been applied in a wide-range of systems and determined to 
be an incredibly useful model for analysis and prediction in equilibrium partitioning to either a 
condensed phase from a gas phase or between condensed phases.  The LFER for gas-to-
condensed phase transfer is consists of molecular descriptors for the analytes and corresponding 
regression coefficients in this case related to the MOF surface.  The descriptors used are E 
(excess molar refraction), S (dipolarity/polarizability), A (overall hydrogen bond acidity), B 
(overall hydrogen bond basicity) and L (the gas hexadecane partition coefficient).  Regression 
parameters corresponding to each of these terms are e,s,a,b, and l respectively in addition to a 
constant, c [29-30].  The LFER used to analyze or predict a dependent variable, SP, is given by 
Equation 3.15 in which Henry constants, free energies, retention volume or enthalpy can be used 
for values of SP. 
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Equation 3.15 
3.3 Conclusions 
 Inverse gas chromatography offers a well-established method for characterizing the 
adsorption of a wide range of compounds upon an adsorbent surface.  Care should be taken to 
ensure that the data obtained is representative of equilibrium conditions.  In addition, linearity of 
the adsorption isotherm should also be ensured for studies done at the zero-coverage limit.  
Equilibrium is typically determined by studying the effects of flow rate upon retention and 
linearity is typically ensured by injecting several different amounts of adsorbates.  However, due 
the porous and usually active nature of microporous adsorbents, both of these constraints can 
often be difficult to achieve. 
 However, in the scope of this work, there is improved possibilities of these constraints as 
compared to other materials (such as zeolites) due to improved diffusivities in many MOFs and 
the generally more moderate enthalpies of adsorption.  Much of the subtleties of adsorption 
phenomena in a complex adsorbent material may be lost through low-coverage IGC, however, 
due to the nature of only the highest energy active sites being probed. 
 Well-established equations for differential enthalpy of adsorption, Henry constants, free 
energy of adsorption, and entropy have been developed and tested on several types of materials.  
These equations will be applied to the analysis of the MOF material surfaces.  In addition, the 
dispersive component of surface energy will be calculated and correlations will be made to vapor 
pressure and deformation polarizability in an attempt to isolate the specific components of the 
adsorption interactions from the dispersive.  On a similar note, the Abraham LFER will be 
applied in an attempt to isolate adsorption effects related to 5 fundamental molecular properties 
of the studied adsorbates. 
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Chapter 4 Zero-Length Column and Temperature-Programmed Desorption Methods 
Applied to the Characterization of VOC adsorption in MOFs 
 Equilibrium zero-length column (ZLC) and temperature-programmed desorption (TPD) 
were explored for their applicability to accurate and rapid characterization of the adsorption of 
organic compounds in MOFs.  Both of these methods were employed in dynamic modes of 
operation utilizing custom-designed flow cells and the oven and detector of a gas chromatograph.  
The theory of these two “alternative” techniques is straightforward and has been well-developed; 
however, they are much less frequently for these types of characterizations. 
 ZLC was developed roughly 20 years ago for the measurement of intracrystalline 
diffusivities of zeolites.  By changing the mode of operation (i.e. flow rate) the system can in 
theory be employed to the rapid and direct measurement of the equilibrium (Henry) constants as 
well as to determine complete isotherms.  For determining Henry constants, there is essentially 
no distinct advantage of equilibrium ZLC studies over that of elution chromatography except for 
the inherently smaller sample sizes required and the ensured equilibrium.  Greater accuracy can 
in theory be obtained for the determination of adsorption isotherms if a stream of known 
concentration can be generated and completely equilibrated with the adsorbent material. 
 TPD on the other hand is a well-established method employed for the measurement of the 
temperature-effect of desorption kinetics (and often catalysis).  The advantage of using TPD for 
the characterization of adsorption on a surface is that it allows for the straightforward calculation 
of the heats of adsorption The temperature (or temperatures) of maximum desorption rate can be 
correlated to the binding energies as opposed to all other methods investigated here which 
require measurement at multiple temperatures and application of the van’t Hoff relationship to 
extract thermodynamic information. 
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4.1 Temperature-Programmed Desorption Applied to Metal-Organic 
Frameworks 
 TPD is a commonly employed technique for the characterization of desorption kinetics 
and catalysis of many different materials [1-3].  TPD was first proposed by Redhead in 1962 by 
applying a simple material balance to a flat surface under high vacuum based upon the 
assumption that the desorbed species are removed quickly enough to prevent readsorption.  
Based upon simplifying assumption regarding the desorption kinetics, Redhead determined that 
the heat of adsorption was approximately equal to the desorption activation energy when the 
activation energy for adsorption is small [4].  In practice, the modeling of desorption by first- or 
second-order kinetics is rarely very accurate and even for low-surface area, planar materials 
complex models and variable heating rates are often required [5].  Application of TPD to high 
surface area porous materials was first attempted in the late 1960’s, but due to the inherent 
deviations from the underlying assumptions and the complexity of the competing processes, 
highly complex models are required and very seldom achieve any significant accuracy [6-7].  
Despite the limitations in determination of surface energetics, TPD is well suited to measuring 
site-densities and reaction pathways on porous materials such as oxide catalysts [4]. 
In TPD experiments, an approximate value of the binding energies is often assumed from 
the simplified equation below, Equation 4.1 [8]. 
PeakADS TKmole
kcalH ×





×
≈∆ 06.0  
Equation 4.1 
 To implement the TPD measurements on MOFs, a custom-designed flow cell (shown 
below in Figure 4.1 was used in conjunction with a gas delivery system (comprised of Mass-
Flow Controllers (MKS), standard laboratory bubblers to supply vapors, and a 6-port switching 
52 
 
valve (Valco instruments).  In the flow cell, a thin layer of MOF (~1mg) is spread onto a flat 
metal surface in order to allow for even heating and to minimize the effects of readsorption and 
mass transport inherent in a packed bed.  .  The adsorbent was held in place by a thin porous 
Teflon membrane and the adsorbent chamber was sealed by 2 Kalrez fluoropolymer o-rings.  
Gas connections were made from the top side of the membrane with the flow being forced 
through the membrane to the adsorbent side. 
 
Figure 4.1: The custom-designed flow cell used for TPD measurements of MOFs. 
 
 In the TPD experiments in this work, the MOF was saturated with a low concentration 
(~10 ppm) stream of the analyte for 1 hour before being heated at a steady rate.  The actual 
temperature of the flow cell was measured by a thermocouple and recorded with the FID 
response.  Figure 4.2 below shows 2 trials each of the TPD of n-pentane and isopropanol from 
ZnMOF-3 (Banasorb 22).  From these sample plots, one can see the repeatability of the 
desorption behavior of a compound under a set of conditions (carrier flow rate and heating rate); 
however, the peaks are very broad and the adsorbent appears to have a very heterogeneous 
nature.  Based on Equation 4.1 and the position of these peaks, ~120°C, the approximate heats of 
Kalrez O-rings
Stainless Steel Body
Porous Teflon Membrane
Thin Layer of MOF here
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adsorption of isopropanol and n-pentane are 23.5 kcal/mole.  The repeatability of the peak 
positions appears to be around ± 2° C under a given set of conditions (heating rate and carrier 
flow rate). 
 
Figure 4.2: TPD spectra of n-pentane and isopropanol from ZnMOF-3 (Banasorb 22). 
Repeatability of the temperature of maximum can be seen under the same conditions as well as 
the broad desorption peaks. 
 
 The broad nature of the desorption peaks obtained are a combination of the interplay of 
complex processes effecting the observed spectra (such as mass transfer and readsorption) as 
well as heterogeneity of the adsorbent surface.  In addition, it can be seen that there is significant 
differences in the shape of the TPD spectra for the drastically different adsorbates in Figure 4.2.  
The highly nonpolar and volatile n-pentane has peak positions very similar to those of the polar 
isoproponal.  However, from the shape of the desorption peak, it is obvious that there is 
significantly slower (and probably incomplete) desorption of isopropanol which is not accounted 
for in the highly simplified model represented by Equation 4.1.  TPD was performed on the same 
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MOF sample for 3 major analytes (toluene, pentane, and isoproponal) with varying flow rates 
and temperature ramp rates as summarized below in Table 4.1.  
Table 4.1: A summary of the TPD data collected on a sample of Zn-MOF-3 (Banasorb 22) is 
shown.  The dependence of peak temperature position can be seen to vary strongly with carrier 
flow rate and temperature ramp rate.  However, there is great consistency under same conditions. 
 
 
While many researchers think of TPD as a technique for the measurement of adsorption 
enthalpies and desorption activation energies, this application of TPD for porous materials is in 
fact extremely hard to realize.  Often discrepancies exist between values measured by different 
laboratories which are greater than a factor of 2 [4, 9].  The complications arise due to the 
complications of mass transfer and readsorption which makes the data analysis impossible.  In 
fact much of the data reported to this end is flawed due to the invalidity of the underlying 
assumptions used in the model [10].  The severely oversimplified analysis used in these studies 
and possible limitations in the flow cell and sampling apparatus used can be seen in the 
demonstration of flow rate and ramp rate dependence of the calculated heats of adsorption.  This 
Sorbate
Ramp 
(C/min)
Carrier Rate 
(sccm) Peak T Peak T2
toluene 10 1 104
toluene 2.5 2 106.1
IPA 2.5 2 116.3
IPA 5 1 121.56
IPA 5 1 118.2
IPA 5 1 114.2
IPA 5 5 106.6 203.6
IPA 5 5 105.3 203
IPA 5 5 103.3 203.1
n-pentane 2.5 2 95.84
n-pentane 2.5 2 97.31
n-pentane 2.5 2 98.22
n-pentane 5 1 121.6
n-pentane 5 1 120.2
n-pentane 5 10 124.8
n-pentane 5 10 123.1
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demonstrates the unsuitable nature of this characterization method for these types of adsorbent 
materials. 
4.2 Zero Length Column Measurements for the Adsorption Equilibrium of 
MOFs 
 An alternative technique that investigated for the rapid characterization of MOF 
adsorption behavior is a zero-length column (ZLC).  The theory behind zero-length column 
studies is around 20 years old and the technique has been commonly used in the measurement of 
the diffusivity of gases from zeolites and other porous materials [11-13].  In a ZLC experiment, a 
small amount of an adsorbent is pre-equilibrated with the adsorbate at a low concentration.  
Under carefully controlled conditions the desorption of the analyte is monitored after switching 
from the sample stream to a pure helium carrier at constant flow. 
With high flow rates, one assumes that the concentration at the adsorbent surface is zero 
and that the limiting process is the diffusion of the analyte through the pores.  This is the more 
commonly applied usage of a ZLC.  An alternative application of the technique arises when the 
system is operated at a sufficiently low flow rate and equilibrium is closely approached between 
the adsorbed and mobile phases.  The result is a rapid and convenient method for deriving 
equilibrium data of the system (i.e., Henry’s constants and even complete isotherms).  ZLC for 
the derivation of equilibrium behavior represents a much newer application and one that is used 
much less often [14-15]. 
 The theory behind ZLC for equilibrium studies is based upon the assumption of spherical 
particles and the maintenance of equilibrium between the adsorbed phase and the gas phase.  
Under these conditions, a simple solution exists to calculate the Henry’s constant and potentially 
Langmuir isotherms [14-15].  If the initial concentration at time, t=0, is given by c0, it can be 
shown that the concentration response curve is given by Equation 4.2 below.  In this equation, 
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c(t) is the concentration in the vapor phase, F is flow rate, K is the dimensionless Henry constant, 
b is a Langmuir constant, Vs is the adsorbent volume, and Vg is the fluid phase volume. 
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Equation 4.2 
In the long time region, as c→0, a plot of ln (c/c0) vs. Ft should approach a linear 
asymptote of slope -1/(KVs+Vg) which represents the linear Henry’s Law region of the 
adsorption isotherm.  If the system is not highly nonlinear (bc0>>1), it is possible to quickly 
determine the Henry constant of the MOF for an analyte at a given temperature by performing a 
few simple studies to determine Vs and Vg.  The custom-designed flow cell shown below in 
Figure 4.3 was used for the ZLC study in combination with the same delivery system as used for 
TPD study (Mass flow controller, bubbler, and injection valve).  However, ZLC is operated 
isothermally. 
 
Figure 4.3: The custom-designed flow cell used for performing the ZLC experiments of MOFs.  
This flow cell uses porous Teflon membranes to hold  ~1 mg of MOF in place between the 
fluidic connections. 
 
Figure 4.4 below shows a sample of 2 ZLC desorption spectra for toluene from ZnMOF-
3 (Banasorb 22) at 110 C.  The linear area between 100mL and 500mL represents what could be 
MOF goes here
Solid Teflon film
Porous Teflon membranes
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the Henry’s region of the adsorption isotherm.  Difficulties arise due to incomplete desorption 
and the dependency of the slope upon the flow rate.  Both problems prevent the calculation of 
repeatable data and present problems which need to be addressed in future ZLC studies.  In 
addition, if the adsorption is too strong, the desorption spectra may take too long and the linear 
part of the plot may become very noisy. 
 
Figure 4.4: Sample plots of 2 trials from a Zero-Length Column study of toluene desorbing from 
ZnMOF-3 at 110°C.  From the linear region of a plot of log (c/co) versus the volume of carrier 
eluted, one can estimate the Henry’s Law constant for the system at that temperature. 
 
To test the applicability of ZLC for VOC adsorption studies on MOFs, Toluene 
desorption was measured from ZnMOF-3 (Banasorb 22) under varying conditions at 80°C and 
110°C.  The results are summarized below in Table 4.2. 
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Table 4.2: Summarized ZLC equilibrium data for toluene desorption from ZnMOF-3 (Banasorb 
22) under different temperatrures, flow rates, and cutoff values for volume. 
 
 
 In Table 4.2, the effect of flow rate can be seen to be negligible for the value calculated 
for the dimensionless Henry constant of toluene at 80°C in which the “range of Ft” value is the 
same.  This value represents the volume of carrier gas which has passed through the packed bed 
before the zero concentration term is established.  However, at 110°C, the results are very 
different and quite counterintuitive.   The Henry constants calculate are higher than for 80°C and 
the amount of variation between trials is significant.  The effect of the zero concentration point is 
seen to be very important in this case, however, the variation between trials is so severe that this 
data appears to be unusable. 
4.3 Conclusions 
 To summarize, two established techniques were investigated as methods for the rapid 
characterization of adsorption on MOFs, temperature-programmed desorption (TPD) and zero-
length column (ZLC) equilibrium studies.  There are significant complications in the application 
of both of these methods which prevent them from being directly applicable. 
TPD of porous materials is an impractical method because of the interplay of complex 
processes (e.g. slow mass transfer and readsorption) in addition to the desorption kinetics that is 
MOF Sorbate Temp (C) Flow rate (sccm) Range of Ft (mL) slope K
ZnMOF3 Toluene 80 2.5 100** -0.041759 41438
ZnMOF3 Toluene 80 2.5 100** -0.041998 41202
ZnMOF3 Toluene 80 5 100** -0.038714 44697
ZnMOF3 Toluene 80 5 100** -0.036357 47595
ZnMOF3 Toluene 80 5 100** -0.037743 45847
ZnMOF3 Toluene 80 5 100** -0.039124 44228
ZnMOF3 Toluene 80 9 100** -0.040393 42839
ZnMOF3 Toluene 110 9 1080 -0.001663 1040409
ZnMOF3 Toluene 110 9 1080 -0.006057 285702
ZnMOF3 Toluene 110 9 1080 -0.002411 717654
ZnMOF3 Toluene 110 9 1080 -0.003218 537711
ZnMOF3 Toluene 110 9 400** -0.01199 144315
ZnMOF3 Toluene 110 9 400** -0.005284 327493
ZnMOF3 Toluene 110 9 400** -0.002176 795384
ZnMOF3 Toluene 110 9 400** -0.003305 523584
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the target of the measurement.  The models employed in analyzing TPD data are often very 
complex and often inadequate for applicability to porous materials.  On MOFs, this is seen as 
broad peaks with peak position-dependency upon flow rates and temperature ramp rates that are 
unaccounted for in the simplified model applied. 
ZLC is perhaps more promising for these applications, however, there is no significant 
advantage over the IGC studies discussed in other parts of this dissertation.  Henry’s constants 
can be more accurately measured by direct chromatographic measurement in more optimized 
columns.  The model used for analysis of the ZLC data discussed shows counterintuitive trends 
and dependence of the Henry constant upon the point used for the zero concentration cut off.  
The difficulties in the application of a ZLC system (there is a more complex delivery system 
required), the longer analysis times as compared to IGC, and the lack of a significant advantage 
make the use of ZLC equilibrium studies in applications similar to the one investigated here 
impractical. 
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Chapter 5 Trends in the Adsorption of VOCs on IRMOF-1 
In this chapter, IGC methods were used to study the adsorption of more than 30 VOCs on 
IRMOF-1 (one of the most widely studied MOFs).  Multiple samples of IRMOF-1 with widely 
ranging properties were investigated in an attempt to study the effect of structural degradation 
upon VOC adsorption.  The interactions of several types of organic probe molecules (e.g. 
alkanes, alkenes, aromatics, ketones, and halogenated compounds) with the IRMOF-1 surface 
were probed in an attempt to identify the effects of specific interactions upon the observed 
adsorption behavior.  The probe molecules were chosen such that a wide range of nonpolar and 
polar molecular characteristics was represented in this work.  Trends in the low coverage 
behavior of VOC adsorption (equilibrium and thermodynamics) were identified. 
The results of this work demonstrated that the adsorption onto MOFs is much more 
complicated than was previously believed.  Values for the heats of adsorption for n-alkanes on 
IRMOF-1 are shown to be much higher than calculated from Monte Carlo simulations previously 
reported in literature.  The low-coverage equilibrium behavior of the 3 samples was shown to 
vary greatly did not correlate to the measured surface areas.  The heats of adsorption were, in 
general, very similar for the same analyte between the samples.  The dispersive component of the 
surface energy was found to be lower than that for other microporous adsorbents, which is due to 
the large pore sizes and less active surface.  Attempts at correlating vapor pressure and 
deformation polarizability to adsorption behavior in MOFs fail and the Abraham LFER is 
applied to further identify causes of the adsorbent interactions. 
Hydrogen-bonding interactions were determined to be the dominant component of the 
interactions between an adsorbed molecule and the MOF surface.  When these types of 
interactions are not present, the interactions appear to be of a highly dispersive nature with a 
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negative impact determined for analytes with polarizability due to nonbonded and pi-electrons.  
This effect was determined to be most likely an effect of size-exclusion from larger (e.g. 
aromatic) compounds from interacting as strongly with the highest-energy binding sites. 
5.1 Introduction 
The past decade has witnessed an explosion in research devoted to metal-organic 
frameworks (MOFs).  This interest is primarily due to the allure of properties such as well-
defined pore sizes, extremely high permanent porosity, substantial thermal stability (often over 
400°C), and the ability for the design of pore geometry and chemical functionality [1-5].   Many 
MOFs are being actively explored for applications in fields such as gas storage [6-11], 
separations [12-17], and catalysis [18-21]. 
Despite the immense amount of research reported regarding MOFs, work regarding the 
adsorption of volatile organic compounds (VOCs) is relatively scarce.  The vast majority of work 
reported is regarding the synthesis of new MOFs and the adsorption of small molecules such as 
H2, CH4, and CO2.  There are a limited number of computational [22-26] and experimental [27-
33] studies reported about the adsorption of larger organic molecules in MOFs, but the data sets 
were limited. 
It is the objective of this work to lay the groundwork for improved understanding of VOC 
adsorption in MOFs by systematically measuring the adsorption of more than 30 compounds in 3 
differing samples of IRMOF-1 (MOF-5).  This is achieved by utilizing a pulse-injection inverse 
gas chromatography (IGC) technique to study the interactions of several types of organic probe 
molecules such as alkanes, alkenes, aromatics, ketones, and halogenated compounds with the 
MOF sample.  The probe molecules were chosen such that a wide range of nonpolar and polar 
molecular characteristics was represented in this work.  Multiple samples of IRMOF-1 with 
differing preparation procedures and differing properties (i.e. BET surface areas and X-ray 
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powder diffractograms) were investigated in this work.  The properties of IRMOF-1 are known 
to vary significantly with synthesis and activation procedures as well as with exposure to 
atmospheric moisture [34-38].   The inclusion of multiple MOF samples with varying properties 
is an attempt to investigate the effects of structural decomposition upon adsorption behavior.   It 
has been shown for zeolites that changes in the synthesis and activation methods create 
significant effects to the Henry constants and thermodynamics of adsorption [39]. 
IGC measurements were used in this study due to the smaller amount of adsorbent 
required for accurate measurement and the shorter experimental times when compared to 
traditional static methods of measure such as microcalorimetry.  IGC has been shown to give 
enthalpies of adsorption that agree well with those measured by other methods while allowing 
for direct measurement of zero-coverage adsorption behavior without extrapolation which is 
commonly required for other techniques [40-42].  This work employs a column in which ~2 mg 
of MOF powder is packed into a fused-silica capillary in an attempt to reduce the effects of 
diffusional band-broadening as well as to further reduce the time and amount of adsorbent 
required for accurate measurements.  Similar micropacked capillary columns have been 
investigated and shown to offer high column efficiencies deemed promising for analytical 
separations [43-45]. 
The primary goal of the work reported here is to study a much larger data set of sorbates 
upon the same MOF samples in order to identify and explore trends in adsorption behavior.  The 
Henry constants and thermodynamics of adsorption at the low coverage limit are explored and 
correlations are made between the molecular properties of the sorbates and the observed 
adsorption behavior.  Molecular properties commonly used to analyze and explain adsorption 
behavior (i.e. vapor pressure [46] and polarizability [47-50]) are employed in an attempt to 
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discriminate the specific and nonpolar components of adsorption.  Additionally, the retention 
volumes and differential enthalpies are fit to the Abraham Linear Free-Energy Relationship 
(LFER) given in Equation 3.15 in an attempt to further isolate the effects of specific molecular 
interactions upon adsorption [51-54]. 
5.2 Experimental Procedure 
 IRMOF-1 was synthesized via a microwave-assisted solvothermal synthesis technique 
which has been previously reported [55-56].  This work reports the adsorption properties of 3 
different samples of IRMOF-1 which were synthesized under different conditions and treated 
under different methods.  For the synthesis of all samples reported here, the synthesis begins 
with the combination and complete dissolution of an exact amount of 33.84 mM zinc nitrate 
hexahydrate, Zn(NO3)2•6H2O (99%, from Aldrich), and 25.12 mM terephthalic acid, benzene-
1,4-dicarboxylic acid, into either N,N-dimethylformamide (DMF) or N,N-diethylformamide 
(DEF). 
The first sample of IRMOF-1, from henceforth referred to as "IRMOF-1 sample 1”,  was 
synthesized by first dissolving the zinc salt and the terephthalic acid into DMF and thoroughly 
stirrring at 150 rpm for 30 min.  A 50 mL amount of the above solution is transferred into an 
Xpress vessel (CEM Corporation) and the vessel is sealed with a PTFE stopper and a cap.  The 
vessel is then inserted into the Ultem reinforcement housing and irradiated with microwaves in 
an Amana 3000 Watt microwave oven for 20 seconds at 3000 Watts followed by a cooling down 
period of 15 minutes.  The solution containing the wet precipitate is then transferred into a 50 
mL Corning tube and centrifuged at 2800 RPM for 1 minute.  The solvent was then exchanged 
under argon protection and replaced with fresh chloroform and allowed to soak for a period of 24 
hours.  This exchange process is repeated 3 times after which the MOF powder is allowed to dry 
under argon flow at room temperature for 1 day and at 120°C for 1 day. 
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A second IRMOF-1 sample, designated "IRMOF-1 sample 2", was synthesized by 
dissolving the zinc salt and terephthalic acid into DEF.  After thoroughly dissolving the reagents 
into the solvent, 5 mL of the above solution was transferred into a 10 mL microwave reaction 
vessel (CEM Corporation).  The reaction vessels containing the solution are irradiated with 
microwaves (150 Watts) for 3min using a CEM Discover LabMate (CEM Corporation).  During 
the irradiation, the vessel containing the solution was maintained at 90° C by using a stream of 
cooling air.  After cooling, the solution containing the MOF precipitate was transferred into 
small centrifuge tubes and centrifuged at 2,000 RPM for 2min.  The solvent is then decanted 
from the top and fresh chloroform is added.  This solvent exchange process is repeated three 
times (as above for IRMOF-1 sample 1) allowing the fresh solvent to contact the MOF powder 
for 1 day each time.  As a final activation step, the wet MOF powder is placed in a vacuum oven 
at 130° C over night with care being taken to pull the vacuum and ramp the temperature very 
slowly to minimize damage to the MOF structure. 
The third IRMOF-1 "IRMOF-1 sample 3", was synthesized in a manner identical to 
IRMOF-1 sample 1 with the exception of the solvent exchange and activation procedures.  After 
synthesis, 0.45 g of MOF powder wet with DMF is placed inside a thimble made from thick 
filter paper and loaded into the main chamber of a Soxhlet extractor. The Soxhlet extractor is 
placed onto a flask containing dichloromethane and equipped with a Friedrichs condenser. After 
refluxing the dichloromethane through the powder for about 7 hours, the paper thimble is 
removed and dried at room temperature for 30 minutes.  The powder is dried in a vacuum oven 
overnight before measurements were performed in a manner identical to IRMOF-1 sample 2. 
Surface areas were measured using a Quantachrome Nova 2200e gas sorption analyzer 
using UHP nitrogen and fitting data to the 3 point BET model.  Powder XRD data were collected 
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on a Bruker General Area Detector Diffraction System (GADDS) equipped with a four-circle 
diffractometer and HiStar multiwire area detector.  A Bruker M18XHF22 rotating anode 
generator operating at 50kV and 40mA supplied the Cu Kα graphite monochromatized incident 
beam.   The samples were loaded without modification into 0.7mm thin walled glass capillaries. 
 Three frames were collected for 900 seconds each, integrated, and merged into a 1-dimensional 
powder pattern from 4-60° 2θ for each sample.  Scatter from the glass capillary was removed by 
coincidence correction before merging the three frames for integration. 
For the IGC studies, dry MOF powder is packed into an approximately 15 cm length of 
0.53mm ID guard column (Restek, 10045).  The first step is to insert a plug made of IP 
deactivated borosilicate glass wool (Restek, 20789) about 1 cm long into the column.  The mass 
of the capillary and glass wool plug are measured and recorded.  After fixing a sufficient plug 
into one end of the capillary, the column is connected to a vacuum pump and a vacuum of 
around 20 inHg is applied using a metering valve for control.  The open end of the column is 
then used to suction around 3-4 cm (~2 mg) of dry MOF powder into the column with occasional 
mechanical vibrations used to assist the uniform packing.  After reweighing the column (now 
with MOF), a second glass wool plug is inserted into the open end of the column.  Excess guard 
column is trimmed leaving around 1 cm open on each end to reduce dead volume and peak 
broadening.  The final weight of the shortened column is recorded. 
The guard column packed with MOF is then connected to two lengths (7 and 30 cm) of 
0.25 mm ID guard column (Restek, 10049) using butt connectors fittings (Supelco, 23804) with 
M-2B butt connector ferrules (Supelco, 22455-U).  The column is then connected into the 
split/splitless inlet of an Agilent 6890 gas chromatograph using the shorter length of connecting 
guard column (oriented in such a way that the direction of flow is the same as that of the suction 
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during the packing process) with the longer length of connecting column disconnected for 
activation.  The gas chromatograph is set up using ultra-high purity helium which is first passed 
through a 7 µm particle filter and then a universal trap (Agilent, RMSH 2).  A split/splitless fast 
focus inlet liner with 2.3mm ID (Supelco, 2879505-U) is used in the gas chromatograph inlet. 
For activation, the inlet of the gas chromatograph is pressurized to 20 psi and the oven 
temperature is slowly ramped (1°C/min) to 275° C where the temperature is held for 10 hours 
before being slowly returned to room temperature.  This step is done to remove any residual 
guest molecules in the MOF and to increase the available porosity for IGC measurements.  The 
packed column is then disassembled and reweighed to account for any mass changes due to 
removal of residual solvent in the MOF.  The packed column is then reassembled and the 
effluent end of the column is now connected to a flow meter (Omega, FMA-A2300) and the flow 
rates are recorded for all combinations of temperature and pressure being investigated (up to 
270° C).  The flow meter readings are converted to helium by multiplication by a conversion 
factor.  The flow rate values used are available in Appendix A. 
After measuring and recording the flow rates for each set of temperature and pressure, the 
outlet of the column can now be connected to a flame ionization detector (FID) and pulse 
injections can now be performed.  The gas chromatograph’s auto injector (Agilent, 7683B) and a 
10µL gas-tight syringe (Agilent, 5181-3354) are used to inject 0.2 to 5.0 µL of headspace vapor 
onto the column.  Dead volume was measured by injecting methane at 200-270° C at several 
inlet pressures and measuring the holdup time assuming no retention. 
For every measured value of corrected specific retention volume (i.e. for each 
combination of adsorbate, temperature, and pressure), 3 different injections were performed with 
varied amounts of vapor.  This was done to ensure that the peak position was independent of the 
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concentration thus verifying that the measurement corresponds to an ideal, infinite dilution 
behavior. 
5.3 Results and Discussion 
 The different synthesis and activation procedures resulted in 3 samples of IRMOF-1 with 
significantly different measured properties.  The measured surface areas calculated using 
nitrogen adsorption and a 3-point BET theory were 1161 m2/g, 781 m2/g, and 208 m2/g for 
IRMOF-1 samples 1 through 3 respectively.  It should be pointed out that we have measured 
BET specific surface areas of greater than 2200 m2/g on other IRMOF-1 samples synthesized 
through this microwave-assisted method, but the higner surface areas are not stable due to the 
sensitivity of IRMOF-1 to handling [38].  The diffractograms obtained through X-ray powder 
diffraction (XRPD) are shown in Figure 5.1 below along with a simulated diffractogram 
calculated using Mercury (Cambridge Crystallographic Data Centre) and a crystallographic file 
from the Cambridge Structural Database. 
 
Figure 5.1: XRPD Diffractograms for the 3 different samples of IRMOF-1 investigated along 
with a simulated diffractogram from crystallographic data. 
  
0
500
1000
1500
2000
2500
3000
3500
4000
4500
5 10 15 20
In
te
n
si
ty
 
(A
U)
2θ (degrees)
Sample 1
Simulated XRPD
Sample 2
Sample 3
69 
 
From Figure 5.1, it can be seen that all 3 measured diffractograms differ significantly 
from the “ideal” structure calculated and to varying degrees.  The two most noticeable 
differences are 1) the relative intensities of the peaks at 2θ = 6.9° and 9.7° and 2) the presence of 
an intermediate peak located at a value of 2θ = 8.9°.  Changes in the relative intensities of the 
first 2 (and most intense) peaks has been addressed before by Hafizovic et al. [36] and were 
explained by the influence of guest molecules (solvent and Zn species) in the MOF structure.  
The presence of the peak located at 2θ = 8.9° was addressed by Kaye et al. [38] and was shown 
to correlate very strongly with the presence of a nonporous phase resulting from exposure to 
water. 
From Figure 5.1, the low surface area sample, IRMOF-1 sample 3, shows almost 
complete change into the nonporous phase as evidenced by the relative dominance of the peak at 
2θ = 8.9°.  In addition, it can be seen that the relative intensities of the 2 primary peaks are 
reversed, indicating the presence of guest molecules in the remaining IRMOF-1 structure. 
The diffractograms of IRMOF-1 sample 1 and IRMOF-1 sample 2 displayed in Figure 
5.1 show an interesting trend.  In the highest surface area sample, IRMOF-1 sample 1, the 
relative intensities of the primary IRMOF-1 peaks are not reversed as they are in the other 
samples despite the presence of a large peak at 2θ = 8.9°.  The diffractogram of IRMOF-1 
sample 2, however, shows no detectable peak at 2θ = 8.9° but a reversal in the relative intensity 
of the primary peaks.  This observation when combined with the measured BET surface areas 
implies that the presence of the degradation products (evidenced by the new peak) is less 
important in maintaining high nitrogen BET surface areas than the presence of guest molecules 
(evidenced by reversal of the relative intensities in the primary peaks). 
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Figure 5.2:  a) The above plots are representative chromatograms of the raw data for the 
symmetrical and concentration-independent compounds.  Three injections of different sizes were 
injected for each n-alkane onto the column of IRMOF-1 sample 3 at 180°C with a flow rate of 
3.42 sccm of He.  The signals of the heavier compounds were multiplied by the factors shown 
for visualization purposes. b) The above plots are representative chromatograms of the raw data 
recorded for concentration-dependant, asymmetrical elution peaks.  Three injections of different 
sizes for both acetone and ethyl acetate were injected onto the column of IRMOF-1 sample 3 at 
180°C with an inlet pressure and a flow rate of 3.42 sccm of He.  The ethyl acetate signal was 
multiplied by 7 for visualization purposes. 
 
For the IGC study, the raw data obtained for the elution of the VOC from the packed 
column is in the form of the FID output versus time.  Figure 5.2a shows an example 
chromatogram demonstrating the detected elution of a series of n-alkanes from the column 
containing IRMOF-1 Sample 3.  The elution of the nonpolar n-alkane probes shown in Figure 
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5.2a is represented in the chromatogram by symmetrical peaks with positions that are 
independent of the injected amount.  This independence of peak position upon concentration 
verifies that the study is performed in the linear (Henry’s) section of the adsorption isotherm and 
that infinite dilution is a valid assumption [57-58].  Symmetrical, narrow peaks not only allow 
for easier analysis, but indicate that the column is operating in a mode with minimal delays due 
to slow mass transfer or desorption.   
 The concentration independence shown Figure 5.2a was observed for columns with all 3 
IRMOF-1 samples and for all but a few of the studied adsorbates.  Specifically, the compounds 
which did not follow this behavior are acetone, and methyl ethyl ketone (MEK), diethyl ether, 
tetrahydrofuran (THF), pyridine, triethylamine, acetaldehyde, and ethyl acetate, all of which 
have groups with substantial hydrogen-bond basicity.  As an example for these compounds, the 
chromatograms for acetone and ethyl acetate eluting through the IRMOF-1 sample 3 column are 
plotted in Figure 5.2b.  It can be seen that the peak position is dependent upon the amount 
injected and that the peaks are asymmetric.  This behavior is the result of a combination of 2 
factors: 1) curvature of the adsorption isotherms as evidenced by the concentration dependence 
and 2) non-ideality due to delays in mass transfer or desorption as evidenced by the fact that the 
asymmetric legs of the peak due not overlap for different injection sizes [57-58] .  As seen in 
Figure 5.2b, the asymmetry and concentration dependence the chromatogram peaks is not overly 
severe and the retention time can be taken as the value of the intersection of a curve (fitted 
through the peak maximums) with the baseline.  There is admittedly more error and uncertainty 
in the values obtained for these compounds due to difficulties in fitting a curve as well as 
deviations from theoretical idealities in instantaneous equilibrium. 
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 It is worth noting at this time that alcohols (methanol, ethanol, isopropanol, n-propanol, 
tert-butanol, 1-hexanol, and 1-heptanol) and amines (triethylamine and n-propylamine) were also 
investigated.  The binding of these compounds was very strong resulting in either no detectable 
elution peak or the decomposition of the probe molecules (evidenced by broad tailing peaks with 
apparent maximum that did not respond to changes in flow rate or temperature).  For these 
reasons, alcohols and amines were not included in the analysis presented here.  
 
Figure 5.3: The figure above shows the flow rate independance of the corrected specific retention 
volume (calculated by Equation 3.3) for 4 representative adsorbates at the temperatures shown.  
Three injections of different sizes were performed at each flow rate upon IRMOF-1 sample 3. 
The effect of flow rate upon the corrected retention volumes calculated (see Chapter 3 for 
equations) using the measured retention time, column temperature, James-Martin 
“compressibility correction factor”, and the measured flow rate is demonstrated in Figure 5.3 for 
various adsorbates eluting from the column of IRMOF-1 sample 3.  It can be seen from Figure 
5.3 that the corrected specific retention volume for all adsorbates measured is virtually 
independent of flow rate.  Similar results were measured for the columns containing each of the 
3 MOF samples.  This indicates that the columns are operating in a mode where mass transfer 
concerns do not impact elution time, and it implies that the values obtained for the corrected 
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retention volumes (and all subsequently calculated values) are indicative of equilibrium 
behavior.  For subsequent trials, the columns were operated such that the flow rates allowed for 
the maximum number of theoretical plates. 
 As an example of the measured data, Table 5.1 shows the corrected retention volumes 
and corresponding Henry constants (Full data sets are available in Appendix A) for the 
adsorbates studied at 200° C.  It is interesting to note that IRMOF-1 sample 2 gives the highest 
values for corrected specific retention volume (and Henry’s constant) despite IRMOF-1 sample 1 
having a significantly larger specific surface area.  Some of this variation may result from the 
small amount of adsorbent used and the uncertainty in these measurements, however, the 
variation between samples exceeds any uncertainty in the mass measurement.  Data collected for 
the 3 IRMOF-1 samples at all temperatures is included in Appendix A. 
Explanations can be inferred to relate the trends in the measured retention volumes to 
structural differences in the MOF samples by considering the XRPD diffractograms from Figure 
5.1 and the BET surface areas.  In regards to IRMOF-1 sample 2 having greater corrected 
retention volumes than IRMOF-1 sample 1 despite having a lower specific surface area, it is 
plausible that the presence of the degradation phase indicated by XRPD for IRMOF-1 sample 1 
and IRMOF-1 sample 3 has a much greater negative impact upon the adsorption of VOCs than 
does the presence of guest molecules indicated for IRMOF-1 sample 2.  In IRMOF-1 sample 1, it 
may be that the smaller nitrogen molecules used for the surface area measurement are able to 
diffuse to areas of the sample that the VOCs cannot due to blockage by the nonporous phase.  
The higher retention volumes measured for IRMOF-1 sample 2 may be explained by the absence 
of the XRPD peak indicating the degradation phase.  It is possible that the guest molecules which 
are indicated by XRPD for IRMOF-1 sample 2 may have been present for the BET measurement 
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but not the IGC study as they may have been displaced or evacuated through extended periods of 
heating in the IGC setup. 
Table 5.1: The corrected retention volumes (L/g) and corresponding Henry constants (mol/kg/Pa) 
listed above are calculated from chromatographic data at 200° C.  Adsorbates marked with an 
asterisk were fitted similarly to Figure 5.2b. 
 
There appears to be a common proportionality between samples relating the values of VN 
for the different adsorbates.   The values of VN measured for IRMOF-1 sample 1 are roughly 
50% to 60% of the values measured for IRMOF-1 sample 2 and values for IRMOF-1 sample 2 
are around 5.5 to 7 times those for IRMOF-1 sample 3.  The proportionality between IRMOF-1 
sample 2 and IRMOF-1 sample 3 holds for all but 4 compounds (diethyl ether, MEK, acetone, 
and ethyl acetate).  These are the same hydrogen-bond bases which cause asymmetry and 
concentration dependence demonstrated in Figure 5.2b.  For these adsorbates, the values of VN 
IRMOF sample 1
1161 m^2/g
IRMOF sample 2
781 m^2/g
IRMOF sample 3
208 m^2/g
VN (L/g)
KC
(mol/kg/Pa) VN (L/g)
KC
(mol/kg/Pa) VN (L/g)
KC
(mol/kg/Pa)
n-pentane 0.086 2.19E-05 0.139 3.52E-05 0.021 5.27E-06
n-hexane 0.212 5.38E-05 0.362 9.20E-05 0.059 1.51E-05
n-heptane 0.593 1.51E-04 1.030 2.62E-04 0.184 4.68E-05
n-octane 1.700 4.32E-04 3.036 7.72E-04 0.560 1.42E-04
n-nonane 4.638 1.18E-03 8.498 2.16E-03 1.597 4.06E-04
n-decane 12.384 3.15E-03 22.675 5.76E-03
benzene 0.138 3.50E-05 0.226 5.75E-05 0.036 9.17E-06
Toluene 0.304 7.73E-05 0.526 1.34E-04 0.088 2.24E-05
ethylbenzene 0.704 1.79E-04 1.288 3.27E-04 0.218 5.54E-05
n-proplybenzene 1.862 4.73E-04 3.585 9.11E-04 0.612 1.55E-04
n-butylbenzene 5.759 1.46E-03 11.234 2.86E-03
p-xylene 0.913 2.32E-04 1.666 4.23E-04 0.292 7.42E-05
1,2,4-trimethylbenzene 2.799 7.12E-04 5.059 1.29E-03 0.929 2.36E-04
1-pentene 0.075 1.90E-05 0.120 3.04E-05 0.018 4.52E-06
1,2-dichlorobenzene 1.624 4.13E-04 3.068 7.80E-04 0.514 1.31E-04
bromobenzene 0.787 2.00E-04 1.453 3.69E-04 0.246 6.26E-05
chloroform 0.091 2.31E-05 0.155 3.94E-05 0.023 5.77E-06
carbontetrachloride 0.116 2.94E-05 0.208 5.29E-05 0.028 7.02E-06
diethylether* 0.553 1.40E-04 0.021 5.42E-06
ethylacetate* 1.592 4.05E-04 0.072 1.82E-05
1,2-dichloroethylene 0.143 3.65E-05 0.025 6.32E-06
acetone* 0.453 1.15E-04 0.028 7.07E-06
MEK* 1.236 3.14E-04 0.054 1.37E-05
Tetralin 7.892 2.01E-03
trichloroethylene 0.314 7.99E-05 0.054 1.38E-05
Decalin 8.202 2.08E-03
acetaldehyde* 0.072 1.84E-05
nonanal 2.872 7.30E-04
bromoform 0.686 1.74E-04 0.105 2.66E-05
THF* 0.042 1.07E-05
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measured for IRMOF-1 sample 2 are a factor of 16 to 26 times greater than for IRMOF-1 sample 
3.  This could be a result of the fitting method demonstrated in Figure 5.2b or an effect of the 
post-treatment method used in the activation of IRMOF-1 sample 3. 
The temperature dependence of the Henry constants (therefore the retention volumes) can 
be explored to derive values for the differential enthalpy of adsorption, ∆H, via the van’t Hoff 
relationship.  Representative van’t Hoff plots are shown in Figure 5.4 for a series of n-alkanes 
and n-alkylbenzenes on IRMOF-1 sample 2.  It can be seen that an exponential relationship 
exists between the measured corrected retention volumes and the inverse absolute temperature.  
Linearity similar to that seen in Figure 5.4 was observed for all compounds studied and for all 3 
samples of IRMOF-1. 
From Figure 5.4, it can be observed that for those compounds with a particularly wide 
range of temperatures studied (e.g. pentane, benzene, and toluene) some curvature exists in the 
van’t Hoff isostere.  This curvature is not an unexpected occurrence for an IGC studies and 
indicates a temperature-dependence for ∆H.  It is noticed that inclusion of the entire range of 
data collected for those with too broad a range (e.g. n-pentane) can change the resulting value by 
as much as 5 to 10 kJ/mole versus fitting to a limited amount of points closer to the central value.  
Caution has to be taken in selecting an appropriate range of temperature for enthalpy 
determination to minimize error and details of the enthalpy determination are given in Appendix 
A along with the data points used and the quality of fit. 
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Figure 5.4: a) The figure above shows representative van’t Hoff plots for IRMOF-1.  The 
sorbates shown above are n-alkanes on MOF sample 2.  The symbols used in the figure are 
ethane (solid diamonds), propane (solid squares), n-butane (solid triangles), n-pentane (X’s), n-
hexane (solid circles), n-heptane (diamonds), n-octane (squares), n-nonane (triangles).  It can be 
seen that the slopes of the lines (enthalpies) as well as the spacing between lines (free energies) 
varies systematically.  The curvature in the lines is also apparent for those sorbates with too wide 
of a temperature range.  This demonstrates the temperature dependence of the enthalpy of 
adsorption on IRMOF-1. b) The figure above shows representative van’t Hoff plots for IRMOF-
1.  The sorbates shown above are n-alkylbenzenes on MOF sample 2.  The symbols used in the 
figure are benzene (diamonds), toluene (squares), ethylbenzene (triangles), n-propylbenzene 
(X’s), and n-butylbenzene (circles). 
Table 5.2 gives the calculated values for ∆H as well as those for the free energy, ∆G, and 
entropy, ∆S, of adsorption at the temperature listed.  The calculation of these values is discussed 
in Chapter 3.  The temperature listed is the mean value of the data points used in the linear fit 
used for calculating ∆H.  The enthalpy of vaporization at 25° C is also included in Table 5.2 to 
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allow for comparison [59].  Values for ∆G were calculated at every temperature for each 
adsorbate and a full table of these values is included in Appendix A. 
  
Table 5.2: The calculated thermodynamic values for adsorption on IRMOF-1 are listed along 
with the heat of vaporization at 25° C for reference.  Heats of adsorption are calculated from the 
van’t Hoff relationship and are listed in kJ/mole.  Free energies in kJ/mole and entropies are in 
J/mol/K are also listed. 
 
In general, there is a great deal of similarity between the values of ∆H measured for the 3 
different MOFs shown in Table 5.2 despite significantly different specific surface areas.  The 
IRMOF-1 SAMPLE 1 IRMOF-1 sample 2 IRMOF-1 sample 3
1161 m^2/g 781 m^2/g 208 m^2/g
∆Hvap
T 
(°C) -∆H ∆G -∆S
T 
(°C) -∆H ∆G -∆S
T 
(°C) -∆H ∆G -∆S
ethane 5.2 60 24.0 10.7 40.1
propane 14.8 60 37.2 15.6 64.7
n-butane 21.0 60 46.0 20.4 77.0
n-pentane 26.4 200 35.5 12.2 49.3 200 40.9 15.6 53.4 200 46.1 13.4 69.3
n-hexane 31.6 200 46.3 15.7 64.7 200 52.8 19.4 70.6 200 53.5 17.5 76.1
n-heptane 36.6 200 56.8 19.8 78.2 200 62.4 23.5 82.1 200 61.6 21.9 83.8
n-octane 41.5 200 66.3 23.9 89.5 200 72.1 27.8 93.7 200 70.0 26.3 92.3
n-nonane 46.6 220 75.1 27.9 95.7 200 80.0 31.8 101.8 200 78.5 30.4 101.5
n-decane 51.4 220 84.3 31.7 106.5 250 88.3 30.1 111.3 250 85.3 28.9 107.8
n-dodecane 61.5 250 104.9 36.3 131.1
ethylene N/A 60 21.2 9.5 35.0
benzene 33.8 200 43.9 12.4 66.6 200 47.2 17.6 62.7 200 51.1 15.5 75.1
toluene 38.0 200 49.5 15.5 71.8 200 54.6 20.9 71.3 200 54.3 19.0 74.6
ethylbenzene 42.2 200 56.8 18.7 80.5 200 61.0 24.4 77.4 200 60.0 22.6 79.0
n-proplybenzene 46.2 200 64.3 22.4 88.4 200 69.5 28.4 86.7 200 66.8 26.7 84.8
n-butylbenzene 50.8 220 72.3 26.8 92.3 200 79.1 32.9 97.5 250 74.0 26.6 90.5
p-xylene 42.4 200 60.5 19.7 86.3 200 64.7 25.4 83.1 200 63.5 23.8 84.0
1,2,4-
trimethylbenzene 47.9 200 69.6 23.9 96.7 200 73.4 29.8 92.3 200 71.2 28.3 90.7
1-pentene 25.5 200 34.6 10.2 51.6 200 38.6 15.1 49.8 200 44.7 12.8 67.5
1,2-
dichlorobenzene 50.2 200 62.3 21.9 85.4 200 65.9 27.8 80.5 200 63.3 26.0 78.9
bromobenzene 44.5 200 55.4 19.2 76.5 200 59.9 24.9 74.0 200 58.9 23.1 75.6
chloroform 31.3 200 36.4 10.9 53.8 200 39.6 16.1 49.8 200 44.0 13.7 64.0
carbontetrachloride 32.4 200 38.3 11.8 56.1 200 43.6 17.2 55.7 200 45.6 14.5 65.8
diethylether* 27.1 200 76.6 19.5 120.7 200 49.3 13.5 75.7
ethylacetate* 35.6 200 77.2 24.7 111.1 200 62.8 18.2 94.1
1,2-
dichloroethylene 30.2 200 39.8 15.8 50.8 200 44.8 14.1 64.9
acetone* 31.0 200 74.5 18.7 117.9 200 55.9 14.5 87.4
MEK* 34.8 200 78.4 23.6 115.8 200 59.0 17.1 88.6
tetralin 250 72.2 27.2 85.9 250 69.2 25.7 83.0
trichloroethylene 34.5 200 51.5 18.9 69.0 200 52.2 17.1 74.0
butylcyclohexane 49.4 250 81.2 29.3 99.2 250 77.4 28.0 94.4
decalin 250 74.7 27.3 90.6 250 70.0 26.2 83.9
nonanal 250 86.0 31.6 104.0
bromoform 46.1 200 52.7 21.9 56.1 200 53.0 19.7 70.3
Pyridine* 40.2 200 87.2 33.0 114.6
THF* 32.0 250 57.3 16.1 78.7
triethylamine* 34.8 250 108.7 21.2 167.3
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enthalpies of adsorption measured are significantly greater than the enthalpies of vaporization 
listed, demonstrating the strong interactions between the MOF surface and the adsorbed 
molecules.  For most sorbates studied, the variation in the values of ∆H calculated between the 3 
samples is less than about 5-6 kJ/mole.  The notable exceptions in which the variation was 
greater are the compounds with very little retention at the temperatures studied (e.g. n-pentane, 
benzene, and 1-pentene) and the compounds with substantial basicity (i.e. acetone, MEK, diethyl 
ether, and ethyl acetate).  In regards to the compounds with short retention times, the increased 
variation may be due to increased uncertainty in the measurements as the measured retention 
volume approaches the dead volume.  In regards to the basic compounds, it is likely that a 
meaningful difference in the samples exists which is specific to the interactions of these 
molecules.  For the basic compounds, the absolute values for ∆H measured for IRMOF-1 sample 
3 are significantly reduced from those for IRMOF-1 sample 2.  As discussed previously, this 
difference may be due to uncertainty in the determination of the retention time (as seen 
demonstrated in Figure 5.2b) or a result of the treatment method of IRMOF-1 sample 3. 
The values measured for the differential heat and entropy of adsorption for n-pentane on 
the 3 IRMOF-1 samples are significantly higher than the value of 29.32 kJ/mole and -28.65 
J/mol/K at 300 K that Jiang and Sandler predicted through Monte Carlo simulation [23].  Based 
upon the dependence of ∆H and ∆S to the carbon number reported by Jiang and Sandler (4.693 
kJ/mole and -4.510 J/mol/K respectively for each additional carbon), the larger n-alkanes are 
even more drastically different than their predictions.  The discrepancy may be an effect of the 
surface area-reducing imperfections in the MOF samples tested here and the creation of binding 
sites with greater interactions.  The values for ∆S calculated here are much larger than predicted, 
and this may be an effect of not only the stronger binding, but also steric repulsions imposed 
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upon the larger molecules by the imperfections of these MOF samples.  These effects may result 
in greater losses in rotational, translational, and vibrational freedom of an adsorbed molecule. 
In general, it can be observed that the absolute values of ∆H in Table 5.2 increase slightly 
with a decrease in the measured surface area of the MOF sample.  In fact for every adsorbate 
studied on IRMOF-1 sample 1 (the sample with the highest specific surface area), the value for 
the heat of adsorption was the lowest value measured.  This implies that an increase in the purity 
of the IRMOF-1 sample (indicated by surface area) results in lower heats of adsorption thus 
implying that a perfect IRMOF-1 sample might agree much closer with the results of Jiang and 
Sandler’s prediction [23].  One explanation of this trend is that the mechanisms for the reduction 
of surface area in IRMOF-1 result in the creation of binding sites with increased heats of 
adsorption. 
In Figure 5.5, the effects of chain length upon enthalpy and free energy are plotted for a 
series of n-alkanes and n-alkylbenzenes.  The anticipated linear relationships between carbon 
number and ∆H and ∆G are apparent in as is the similarity between the 3 IRMOF-1 samples.  
The linearity of this relationship is due to the additive nature of dispersive interactions and is 
commonly shown in experimental and computational research including that of Jiang and 
Sandler for smaller n-alkanes on IRMOF-1 [23]. 
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Figure 5.5: The figures above show the effects of a) n-alkane chain length and b) n-alkylbenzene 
chain length upon the thermodynamics of adsorption.  The solid markers represent enthalpies of 
adsorption and the empty markers are the free energies.  The three IRMOF-1 samples are all 
shown in this plot with IRMOF-1 sample1 (diamonds), 2 (circles), and 3(triangles). 
 
The enthalpy and free energy associated with the adsorption of an additional methylene, 
∆HCH2 and ∆GCH2 respectively, can be obtained from the slope of a line fit to the data in Figure 
5.5 and these values are summarized in Table 5.3 along with the entropy values.  Average values 
for ∆HCH2 for the 3 IRMOF-1 samples are roughly 9 kJ/mole for the series of n-alkanes (and 
about 7 kJ/mole for the n-alkylbenzenes).  The values calculated for ∆GCH2 at 200°C are around 
4 kJ/mole for both n-alkanes and n-alkylbenzenes.  As discussed previously, the values for 
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∆HCH2 (as well as the ∆SCH2 values) differ greatly from those predicted by Jiang and Sandler 
(4.693 kJ/mole). 
Table 5.3: The effects of additional methylene groups are summarized in the table above for n-
alkanes and n-alkylbenzenes on the 3 samples of IRMOF-1.  The values listed are in kJ/mole. 
 
The value for ∆GCH2 calculated in Table 5.3 for the n-alkanes is commonly used through 
the Dorris and Gray method [60-64] to estimate the dispersive component of the surface energy, 
γs
D
 (see Chapter 3 for theory and background).  The value of γsD is an important term for the 
evaluation of the acitivity of a solid surface and is related to the London interactions and the 
heterogeneity and defects of a surface.  The values for γsD (between 48-91 mJ/m2) calculated for 
the IRMOF-1 samples here are relatively low compared to other microporous materials such as 
activated carbons and zeolites which often have values of γsD reported in the range of 200 -500 
mJ/m2.  This demonstrates the relatively inactive surface of IRMOF-1 at the temperatures 
measured in comparison to other inorganic microporous materials. 
The lower values calculated here are most likely due to IRMOF-1 cavity sizes larger than 
the pores typical in other microporous materials as well as the fact that much of the interactions 
for the larger n-alkanes studied here are with the organic ligands due to the limited size of the 
binding site near the inorganic corners.  The effect of temperature upon γsD is demonstrated in 
Figure 5.6.  This plot is typical of those seen for adsorbent materials, however it can be seen that 
the values for IRMOF-1 sample 3 are consistently higher than for the other MOF samples.  The 
higher values of γsD for IRMOF-1 sample 3 are either an effect of the different activation method 
n-alkanes n-alkylbenzenes
∆HCH2
(kJ/mole)
∆GCH2
(kJ/mole)
∆SCH2
(J/mole/K)
∆HCH2
(kJ/mole)
∆GCH2
(kJ/mole)
∆SCH2
(J/mole/K)
Sample 1 10.27 3.95 13.42 7.39 3.46 8.30
Sample 2 9.74 4.05 11.98 8.18 4.02 8.81
Sample 3 8.11 4.30 8.06 6.23 3.81 5.11
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employed on this sample as well as structural differences due to the greater presence of the 
nonporous degradation phase (such as cavities of reduced dimension). 
 
Figure 5.6: The figure above shows the effects of temperature upon the dispersive component of 
the surface energy, γsD.  The three IRMOF-1 samples are all shown in this plot with IRMOF-1 
SAMPLE 1 (circles), 2 (triangles), and 3 (diamonds). 
 There are several methodologies used in an attempt to separate the dispersive interactions 
from the specific to allow for greater understanding of observed adsorption phenomena.  One of 
the methods commonly employed is to plot the retention volume (or the calculated free energy of 
adsorption) versus the vapor pressure of the analyte [46].  In this method, the dispersive 
component of the adsorption is represented by a plot of the series of nonpolar n-alkane probes.  
By looking at the offset of the values for other probe molecules from a line fit through the 
alkanes, the specific component of free energy can be determined. 
This method has been applied successfully for some simple materials, but as can be seen 
in Figure 5.7, it does not apply well to the 3 IRMOF-1 samples investigated.  In these figures, the 
value of the vapor pressure was calculated at the given temperature using the Lee-Kesler method 
(see Chapter 3) [65] along with the value of the critical parameters [59, 66].  Values used for this 
calculation are given in Appendix A.  The problem seen in Figure 5.7 is that nearly all of the 
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points lie below the nonpolar alkane line and the resulting values for the specific component of 
∆G would be positive, a value which makes no physical sense. 
 
Figure 5.7: The plots above shows the correlation between a sorbate’s vapor pressure and the 
free energy of adsorption (retention volume) measured at 200°C by IGC.  (The data is for  
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Caption for Figure 5.7 continued: a) IRMOF-1 Sample 1, b) IRMOF-1 Sample 2, and c) IRMOF-
1 Sample 3) with the solid circles representing n-alkanes and the triangles representing other 
measured analytes.  Vapor pressures are calculated by Equation 3.11, Equation 3.12, and 
Equation 3.13 by the Lee-Kesler method. 
From the observation that most of the data points lie below this line, it can be stated that 
the forces governing the analyte-analyte interactions (determining the vapor pressure) are very 
different from those governing the analyte-adsorbent interactions.  This is not surprising 
considering that the measurements reported here are in the Henry’s region of adsorption at which 
the analyte-analyte interactions are negligible and only the interactions between the analyte and 
the strongest active site are probed.  In addition, these plots indicate that there does not appear to 
be any correlation relating the intermolecular forces governing the vapor-liquid equilibrium with 
those controlling the infinite dilution adsorption. 
The failure of such models in identifying the specific component of adsorbate-adsorbent 
interactions is not unprecedented and has led to the development of the usage of alternative 
molecular properties.  One of the more successful properties used in place of vapor pressure is 
the deformation polarizability as shown if Figure 5.8 [47, 49-50, 67].  This term is directly 
derived from the fundamental London equation and the application of this term to such a system 
is in effect probing the relationship of measured retention to the molecule’s fundamental 
electronic dispersive ability.  Molecular polarizabilities can be obtained from literature [59] and 
the characteristic electronic frequency can be calculated as discussed in Chapter 3.  The values of 
both polarizability and frequency used in Figure 5.8 are given in Appendix A. 
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Figure 5.8: The plots above show the correlation between a sorbate’s deformation polarizability 
and the free energy of adsorption (retention volume) measured by IGC.  The data is for a) 
IRMOF-1 Sample 1, b) IRMOF-1 Sample 2, and c) IRMOF-1 Sample 3with the solid circles 
representing n-alkanes and the triangles representing other measured analytes 
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 From Figure 5.8, it can be seen that the deformation polarizability does a much better job 
of giving negative values for the change in free energy.  However, there are still a few data 
points which appear to be below the alkane line (the most notable are those corresponding to p-
xylene and ethylbenzene).   In general, many of the points lie very close to the nonpolar line fit 
through the n-alkanes implicating the interaction of these compounds is due primarily to 
dispersion effects. 
It can be noted in Figure 5.8b and Figure 5.8c that most of the data points substantially 
offset from the nonpolar line are at x-values below the lowest alkane plotted and correspond to 
the strong bases (acetone, MEK, ethyl acetate, and diethyl ether) as well as trichloroethylene, 
1,2-dichloroethene, and chloroform.  From this observation and the fact that all of the aromatic 
compounds measured seem to lie on the nonpolar fit, it seems that qualitatively the hydrogen-
bond basicity component of the interactions are dominating for IRMOF-1 adsorption while the 
effects of the pi-bond polarizability appear to be less important. 
 Applying the Abraham LFER model given by Equation 3.15 to the IGC data calculated 
for the 3 MOF samples allows for some insight into the dominate interactions controlling the 
adsorption processes on IRMOF-1 and may possibly allow for the prediction of equilibrium and 
thermodynamic information of untested compounds.  The Free Energy relationship of the 
adsorption process can be directly modeled by fitting the natural logarithm of the corrected 
specific net retention volume (measured here at 200° C) using the regression parameters in 
Equation 3.15. 
  Values of the Abraham parameters used for the adsorbates are provided in Appendix A.  
Due to the difficulties in measuring compounds with significant hydrogen bond acidity, the “a” 
terms of Equation 3.15 are omitted and only e,s,b,l, and c are used as regression parameters.  The 
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quality of fit for the measured retention volumes to the Abraham LFER can be seen in Figure 
5.9, and the values for the regression parameters calculated are shown in Table 5.4.  It can be 
seen that for IRMOF-1 sample 1 and IRMOF-1 sample 2 the model appears to capture the 
essence of the adsorption mechanisms with the exception of 1 outlier (butylcyclohexane on 
sample 2).  The quality of the fit for IRMOF-1 sample 3 does not seem to be as good as the 
previous samples with pyridine being the most substantial outlier; however a linear trend is still 
observable.  
Another interesting observation is that the Abraham parameters are very similar between 
sample 1 and sample 2, the main difference being the strength of the interactions with the MOFs 
with bases and the constant c which reflects the accessibility of the surface to adsorbed 
molecules.  Apparently, sample 2 has more accessible surface area than sample 1, even though 
sample 1 has a higher total surface area.  Work on other samples prepared similarly shows that 
samples prepared as in sample 2 have many more macropores than those prepared as in sample 
1.   It must be pointed out at this time that the set of compounds studied in these plots are not 
identical.  Particularly lacking was any substantial hydrogen-bond acidity terms since none of the 
strongly hydrogen bonding species desorbed. 
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Figure 5.9: The figure above shows the fit of the corrected specific retention volumes measured 
at 200°C to the Abraham LFER model for a) IRMOF-1 Sample 1, b) IRMOF-1 Sample 2, and c) 
IRMOF-1 Sample 3.  Values for those compounds not measured at 200° C was estimated using 
the van’t Hoff relationship and the nearest experimental data point. 
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Table 5.4: of the Abraham constants fit to the Retention volume at 200°C 
 
The values of the heats of adsorption were also fit using the Abraham LFER model 
(again leaving out the acidity terms) and the results are shown in Figure 5.10 and Table 5.5.  A 
surprisingly good fit was obtained considering the LFER model is being applied to ∆H and not to 
a term related to ∆G.  The same trends were noticed in which the quality of the fit for IRMOF-1 
sample 1 and IRMOF-1 sample 2 appears to be better than that of IRMOF-1 sample 3 with 
pyridine again being the major outlier on sample 3.  In general, it can be observed that the 
Abraham LFER model is able to correlate the differential enthalpy of adsorption within roughly 
5 kJ/mole for the experimental data presented here with the exception of a limited number of 
outliers. 
Table 5.5: The table above is the values found by regression analysis using the Abraham model 
for data on the differential heats of adsorption. 
 
  
Abraham Constants Fit to Retention Volume (L/g) at 200°C
e s b l c
Sample 1 -3.40 1.64 2.22 1.95 -6.65
Sample 2 -3.41 1.67 2.73 1.91 -6.01
Sample 3 -1.09 -0.52 4.25 1.89 -8.02
Abraham Constants Fit to ∆H Adsorption at 200°C
e s b l c
Sample 1 -35.52 16.20 34.68 17.98 -1.59
Sample 2 -32.7 7.6945 68.2568 16.5314 8.21604
Sample 3 -19.739 3.52649 37.6849 14.551 13.3804
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Figure 5.10: The figures above shows the fit of the differential heats of adsorption measured to 
the Abraham LFER mode for a) IRMOF-l Sample 1, b) IRMOF-1 Sample 2, and c) IRMOF-1 
Sample 3. 
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The regression parameters shown in Table 5.4 and Table 5.5 that were used in fitting the 
retention and enthalpy data can offer some insight into the molecular interactions dominating the 
adsorption process.  It is interesting to note that the dominating terms seem to be the size-related 
l terms and the hydrogen-bond basicity terms.  The polarizability term, e, is significantly 
negative in all cases suggesting a negative interaction resulting from nonbonded and pi-electrons.  
This is not an unprecedented situation although it is usually only seen for fluorinated polymers 
and it is not intuitively expected in this type of material.  It should be pointed out that the 
Abraham Model does not have any terms corresponding to a pore size of the adsorbent.  The 
negative effect of the polarizability term could be due to the fact that most compounds studied 
with significant “E” values are all rather large aromatics.  The size limitation accessible to the 
strongest binding sites might limit the interactions with these specific compounds thus resulting 
in the observed negative regression parameters. 
 
5.4 Conclusions 
This work has has shown that the adsorption in MOFs is more complex than previously 
discussed.  Measured values for enthalpy and entropy are much greater than those predicted in 
literature by Monte Carlo Simulations  [23].  It was noted that the differential enthalpies and free 
energies measured vary linearly with the increase in chain length for a series of n-alkanes and n-
alkylbenzenes.  The dispersive component of the surface energy was calculated at a series of 
temperatures and it was observed that this value is significantly lower than values reported for 
inorganic microporous materials.  Attempts at utilizing the vapor pressure and deformation 
polarizability to isolate the effects of specific interactions resulted in positive free energies and 
the Abraham LFER was applied to overcome these troubles. 
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The Abraham model was applied to retention volume and enthalpy and it was noted that 
hydrogen bond basicity as well as the dispersive terms appear to dominate.  Hydrogen-bond 
acidity of the adsorbate is probably also significant, but experimental difficulties in measuring 
these analytes makes fitting this value challenging.  A negative effect was observed for 
polarizability due to nonbonded and pi-electrons and this effect was explained as most likely 
relating to unaccounted size-exclusion effects preventing large aromatic compounds from 
reaching the most active binding sites.  The Abraham LFER shows potential to capture details of 
adsorption phenomena as well as the possibility for predicting adsorption equilibrium and 
thermodynamics for adsorbates not yet studied. 
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Chapter 6 Adsorption of VOCs in Novel Isoreticular Metal-Organic Frameworks 
The work in this chapter is an expansion of the IGC study discussed in Chapter 5 for IRMOF-1.  
In this chapter, equilibrium and thermodynamics of adsorption for a wide range of VOCs are 
probed for 2 Banasorb MOFs.  The Banasorb MOFs are structural analogues of IRMOF-1 which 
contain additional functional groups (trifluoromethoxy- and methyl-functionalites) and show 
enhanced stability over IRMOF-1. 
The observed adsorption behavior on Banasorb MOFs was found to have been 
significantly altered from that on IRMOF-1.  The most significant difference in the measured 
adsorption on Banasorb MOFs is the significant reduction in retention volume, heats of 
adsorption, and heats of adsorption compared to those for IRMOF-1.  In addition, the methyl-
functionalized MOF was shown to have a further reduction in these properties over the 
trifluoromethoxy-functionalized MOF.  The differences between Banasorb adsorption properties 
and those for IRMOF-1 are attributed to chemical and geometric changes in the pore and pore 
apertures of the materials. 
As was seen for IRMOF-1, the interactions between the MOF framework and analytes 
capable of hydrogen-bonding interactions are significantly enhanced.  In the case of the 
Banasorb MOFs, the heats of adsorption for these compounds are, in general, very similar to 
those calculated on IRMOF-1.  This indicates that the nature of these reactions is dependent upon 
the inorganic component of the framework which all of the MOFs discussed here have in 
common. 
As was performed for the IRMOF-1 study in Chapter 5, the vapor pressure and 
deformation polarizability were shown to fail to successfully correlate the observed adsorption 
behavior and the Abraham LFER was applied to the retention data and heats of adsorption.  
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Similar results were seen for the Abraham model applied to the Banasorb MOFs to that seen for 
IRMOF-1.  Hydrogen-bonding was again demonstrated to be very important and the negative 
value for the polarizability term was again calculated.  The magnitude of this term for Banasorb 
MOFs, however, was significantly reduced from that of IRMOF-1, and this difference is 
attributed to the effect of the chemical functionality of the modified ligands. 
6.1 Introduction 
Because of unprecedented porosity, crystalline regularity in pore and cavity sizes, 
substantial thermal stability (often over 400°C), and the allure of designability, there has been a 
significant amount of research regarding the synthesis and applications of metal-organic 
frameworks (MOFs).  There are 10,000s of MOF (also referred to as porous coordination 
polymers among other names) structures cataloged in the Cambridge Structural Database [1-4]. 
Due to the possibility of creating designer adsorbents with unique adsorption properties, 
many of these novel MOF materials are being actively explored for applications in fields such as 
gas storage [5-10], separations [11-16], and catalysis [17-20].  The reticular synthesis of MOFs 
by tailoring the “building blocks” from which they are synthesized allows for the judicious 
choice of inorganic and organic constituents resulting in the incorporation of chemical functional 
groups as well as geometrically tailored pores and cavities.  The nature of MOF synthesis along 
with post-synthesis modification techniques [21] allows for the creation of MOF families with 
several structural and functional analogues.  The addition of amine-type functional groups have 
been shown to give enhanced adsorption/separation properties for several types of MOF 
structures  [22-24], however, understanding of the relationship between structural modifications 
and adsorption properties is not a complete picture.  
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There are several complications which are currently preventing MOFs from reaching 
their full potential as truly revolutionary adsorbents in real-world applications.  One of the 
primary complications is limitations in the mechanical and chemical stability of many MOF 
structures.  A great number of MOF structures are not stable after the removal of the solvent (or 
other guest molecules) and many MOFs (most notably IRMOF-1) decompose quickly to a 
nonporous phase with very small amounts of exposure to moisture [25-29].  Additionally, there 
exist several issues in the reproducibility of the material properties resulting from differences in 
starting reagents, synthesis conditions, and activation methods.  Because of these issues of 
reproducibility and instability, it is often very difficult to compare adsorption data measured on 
different samples of the same MOF structure and a wide data set measured on the same sample is 
needed. 
There is currently a limitation of understanding for the fundamental adsorption 
mechanisms that are important for MOFs.  Accurate computational models which are necessary 
for screening the vast number of realized and hypothetical MOF structures require force fields 
and algorithms that sufficiently depict the relative importance of all dispersive and specific 
interactions between the framework structure and an adsorbed molecule.  Further complicating 
this issue, the amount of experimental and computational research regarding the adsorption of 
complex molecules such as volatile organic compounds (VOCs) is relatively scarce and very 
little is known about the adsorption of these molecules.  The vast majority of work reported is 
regarding the synthesis of new MOFs and the adsorption of small molecules such as H2, CH4, 
and CO2.  There are a limited number of computational [30-34] and experimental [35-41] studies 
reported about the adsorption of larger organic molecules in MOFs, but the data sets were 
limited. 
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Our previous work addressed the adsorption in IRMOF-1 for multiple samples with 
different surface areas and X-ray powder diffractograms.  It is the purpose of this paper to 
expand that previous work and to address the adsorption of several types of VOCs on two new 
MOF structures which are analogues to IRMOF-1.  Specifically, this work is to determine 
differences in adsorption equilibrium and thermodynamics which result from the inclusion of 
functional groups to the benzene “strut” of the structure.  By utilizing a pulse-injection inverse 
gas chromatography (IGC) technique, the adsorption of more than 30 different compounds is 
systematically studied for several types of organic probe molecules (such as alkanes, alkenes, 
aromatics, ketones, and halogenated compounds).  The probe molecues were chosen such that a 
wide range of nonpolar and polar molecular characteristics was represented in this work. 
IGC measurements were used in this study due to the smaller amount of adsorbent 
required for accurate measurement and the shorter experimental times when compared to 
traditional static methods of measure such as microcalorimetry.  IGC has been shown to give 
enthalpies of adsorption that agree well with those measured by other methods while allowing 
for direct measurement of zero-coverage adsorption behavior without extrapolation which is 
commonly required for other techniques [42-44].  This work employs a column in which ~2 mg 
of MOF powder is packed into a fused-silica capillary in an attempt to reduce the effects of 
diffusional band-broadening as well as to further reduce the time and amount of adsorbent 
required for accurate measurements.  Similar micropacked capillary columns have been 
investigated and shown to offer high column efficiencies deemed promising for analytical 
separations [45-47]. 
The primary goal of the work reported here is to study the adsorption of an expanded data 
set of adsorbates upon samples of 2 new MOF structural analogues in order to identify and 
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explore trends in adsorption behavior.  The Henry constants and thermodynamics of adsorption 
at the low coverage limit are explored and correlations are made between the molecular 
properties of the adsorbates and the observed adsorption behavior.  Molecular properties 
commonly used to analyze and explain adsorption behavior (i.e. vapor pressure [48] and 
polarizability [49-52]) are employed in an attempt to discriminate the specific and nonpolar 
components of adsorption.  Additionally, the retention volumes and differential enthalpies are fit 
to the Abraham Linear Free-Energy Relationship (LFER) in an attempt to further isolate the 
effects of specific molecular interactions upon adsorption [53-56].  Additionally, differences for 
these MOFs from IRMOF-1 are addressed in terms of the chemical stability and the measured 
adsorption properties which are due to the inclusion of functional groups to the framework. 
6.2 Experimental Section 
 MOF samples were synthesized via a microwave-assisted solvothermal synthesis 
technique which has been previously reported [57, 58].  This work reports the adsorption 
properties of 2 different samples of Banasorb 22 and 1 sample of Banasorb 30 which were 
synthesized under different conditions and treated under different methods.  Banasorb 22 is a 
structural analogue of IRMOF-1 with a trifluoromethoxy group attached to the benzene strut 
while Banasorb 30 has a methyl group.  For the synthesis of all samples reported here, the 
synthesis begins with the combination and complete dissolution of an exact amount of 33.84 mM 
zinc nitrate hexahydrate, Zn(NO3)2•6H2O (99%, from Aldrich), and 25.12 mM of the 
corresponding modified terephthalic acid, benzene-1,4-dicarboxylic acid, into either N,N-
dimethylformamide (DMF) or N,N-diethylformamide (DEF). 
The first sample of Banasorb 22, from henceforth referred to as "Banasorb 22 sample 1”,  
was synthesized by first dissolving the zinc salt and the trifluoromethoxy-modified terephthalic 
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acid into DMF and thoroughly stirrring at 150 rpm for 30 min.  A 50 mL amount of the above 
solution is transferred into an Xpress vessel (CEM Corporation) and the vessel is sealed with a 
PTFE stopper and a cap.  The vessel is then inserted into the Ultem reinforcement housing and 
irradiated with microwaves in an Amana 3000 Watt microwave oven for 20 seconds at 3000 
Watts followed by a cooling down period of 15 minutes.  The solution containing the wet 
precipitate is then transferred into a 50 mL Corning tube and centrifuged at 2800 RPM for 1 
minute.  After synthesis, 0.45 g of MOF powder wet with DMF is placed inside a thimble made 
from thick filter paper and loaded into the main chamber of a Soxhlet extractor. The Soxhlet 
extractor is placed onto a flask containing dichloromethane and equipped with a Friedrichs 
condenser. After refluxing the dichloromethane through the powder for about 7 hours, the paper 
thimble is removed and dried at room temperature for 30 minutes.  The powder is dried in a 
vacuum oven at 130° C over night with care being taken to pull the vacuum and ramp the 
temperature very slowly to minimize damage to the MOF structure. 
A second Banasorb 22 sample, designated "Bansorb 22 sample 2", was synthesized by 
dissolving the zinc salt and the trifluoromethoxy-modifired terephthalic acid into DEF.  After 
thoroughly dissolving the reagents into the solvent, 5 mL of the above solution was transferred 
into a 10 mL microwave reaction vessel (CEM Corporation).  The reaction vessels containing the 
solution are irradiated with microwaves (150 Watts) for 3min using a CEM Discover LabMate 
(CEM Corporation).  During the irradiation, the vessel containing the solution was maintained at 
90° C by using a stream of cooling air.  After cooling, the solution containing the MOF 
precipitate was transferred into small centrifuge tubes and centrifuged at 2,000 RPM for 2min.  
The solvent is then decanted from the top and fresh chloroform is added.  This solvent exchange 
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process is repeated three times allowing the fresh solvent to contact the MOF powder for 1 day 
each time.  As a final activation step, the wet MOF powder is dried in a vacuum oven as before. 
The sample of Banasorb 30, was synthesized in a manner identical to Banasorb 22 
sample 1 with the exception of the modified terephthalic acid and the solvent exchange and 
activation procedures used. For Banasorb 30 synthesis, a methyl-modified terephthalic acid was 
used for synthesis.  For treatment and activation, an additional step was employed for this sample 
in which the MOF powder (wet with DMF) was exchanged three times with fresh DMF and 
allowed to soak overnight each time.  This step was added in an attempt to remove more of the 
residual Zn salt compounds which are soluble in the mother solvent.  After this added step, the 
techniques involing the Soxhlet extractor and the vacuum oven activation were then employed. 
Surface areas were measured using a Quantachrome Nova 2200e gas sorption analyzer 
using UHP nitrogen and fitting data to the 3 point BET model.  Powder XRD data were collected 
on a Bruker General Area Detector Diffraction System (GADDS) equipped with a four-circle 
diffractometer and HiStar multiwire area detector.  A Bruker M18XHF22 rotating anode 
generator operating at 50kV and 40mA supplied the Cu Kα graphite monochromatized incident 
beam.   The samples were loaded without modification into 0.7mm thin walled glass capillaries. 
 Three frames were collected for 900 seconds each, integrated, and merged into a 1-dimensional 
powder pattern from 4-60° 2θ for each sample.  Scatter from the glass capillary was removed by 
coincidence correction before merging the three frames for integration. 
For the IGC studies, dry MOF powder is packed into an approximately 15 cm length of 
0.53mm ID guard column (Restek, 10045).  The first step is to insert a plug made of IP 
deactivated borosilicate glass wool (Restek, 20789) about 1 cm long into the column.  The mass 
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of the capillary and glass wool plug are measured and recorded.  After fixing a sufficient plug 
into one end of the capillary, the column is connected to a vacuum pump and a vacuum of 
around 20 inHg is applied using a metering valve for control.  The open end of the column is 
then used to suction around 3-4 cm (~2 mg) of dry MOF powder into the column with occasional 
mechanical vibrations used to assist the uniform packing.  After reweighing the column (now 
with MOF), a second glass wool plug is inserted into the open end of the column.  Excess guard 
column is trimmed leaving around 1 cm open on each end to reduce dead volume and peak 
broadening.  The final weight of the shortened column is recorded. 
The guard column packed with MOF is then connected to two lengths (7 and 30 cm) of 
0.25 mm ID guard column (Restek, 10049) using butt connectors fittings (Supelco, 23804) with 
M-2B butt connector ferrules (Supelco, 22455-U).  The column is then connected into the 
split/splitless inlet of an Agilent 6890 gas chromatograph using the shorter length of connecting 
guard column (oriented in such a way that the direction of flow is the same as that of the suction 
during the packing process) with the longer length of connecting column disconnected for 
activation.  The gas chromatograph is set up using ultra-high purity helium which is first passed 
through a 7 µm particle filter and then a universal trap (Agilent, RMSH 2).  A split/splitless fast 
focus inlet liner with 2.3mm ID (Supelco, 2879505-U) is used in the gas chromatograph inlet. 
For activation, the inlet of the gas chromatograph is pressurized to 20 psi and the oven 
temperature is slowly ramped (1°C/min) to 275° C where the temperature is held for 10 hours 
before being slowly returned to room temperature.  This step is done to remove any residual 
guest molecules in the MOF and to increase the available porosity for IGC measurements.  The 
packed column is then disassembled and reweighed to account for any mass changes due to 
removal of residual solvent in the MOF.  The packed column is then reassembled and the 
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effluent end of the column is now connected to a flow meter (Omega, FMA-A2300) and the flow 
rates are recorded for all combinations of temperature and pressure being investigated (up to 
270° C).  The flow meter readings are converted to helium by multiplication by a conversion 
factor.  The flow rate values used are available in Appendix B. 
After measuring and recording the flow rates for each set of temperature and pressure, the 
outlet of the column can now be connected to a flame ionization detector (FID) and pulse 
injections can now be performed.  The gas chromatograph’s auto injector (Agilent, 7683B) and a 
10µL gas-tight syringe (Agilent, 5181-3354) are used to inject 0.2 to 5.0 µL of headspace vapor 
onto the column.  Dead volume was measured by injecting methane at 200-270° C at several 
inlet pressures and measuring the holdup time assuming no retention. 
For every measured value of corrected specific retention volume (i.e. for each 
combination of adsorbate, temperature, and pressure), 3 different injections were performed with 
varied amounts of vapor.  This was done to ensure that the peak position was independent of the 
concentration thus verifying that the measurement corresponds to an ideal, infinite dilution 
behavior. 
6.3 Results and Discussion  
 The different synthesis and activation procedures resulted in 3 samples of MOFs with 
significantly different measured properties.  The measured surface areas calculated using 
nitrogen adsorption and a 3-point BET theory were 165 m2/g and 1743 m2/g for Banasorb 22 
sample 1 and Banasorb 22 sample 2 respectively.  The surface area of the Banasorb 30 sample 
studied was measured as 1992 m2/g.  It should be pointed out that we have measured BET 
specific surface areas of greater than 2500 m2/g on other samples of these 2 MOFs synthesized 
through this microwave-assisted method but consistency in measured properties is difficult.  The 
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diffractograms obtained through X-ray powder diffraction (XRPD) for the Banasorb 22 samples 
are shown in Figure 6.1 along with a simulated diffractogram calculated using Mercury 
(Cambridge Crystallographic Data Centre) and a crystallographic file from the Cambridge 
Structural Database. 
 
Figure 6.1: X-ray Powder Diffractograms for the 2 samples of Banasorb 22 as well as the 
simulated diffractogram calculated using the Mercury software and the cif file of the solved 
structure from single crystal X-ray diffraction. 
From Figure 6.1, it can be seen that the 2 measured diffractograms are very similar to the 
“ideal” structure calculated.  The locations of the peaks and the relative intensities are all very 
comparable despite the more than 10-fold difference in measured surface areas between the 2 
samples.  This is in sharp contrast to the results that we have seen previously for IRMOF-1 in 
which the three samples investigated all gave significantly different XRPD results.  The 
synthesis, handling, and activation methods employed in this work are identical to those in the 
IRMOF-1 study thus indicating an enhanced stability for the materials investigated here for 
exposure to moisture.  The significant difference in measured surface areas suggests that the 
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underlying structural framework is identical between samples and that low-surface area sample, 
Banasorb 22 sample 1, contains some material which is blocking the majority of the pores.  
For the IGC study, the raw data obtained for the elution of the VOC from the packed 
column is in the form of the FID signal versus time.  Chromatograms for the detected elution of 
the series of nonpolar n-alkane probes are represented by symmetrical peaks with positions that 
are independent of the injected amount.  This independence of peak position upon concentration 
verifies that the study is performed in the linear (Henry’s) section of the adsorption isotherm and 
that infinite dilution is a valid assumption [59, 60].  Symmetrical, narrow peaks not only allow 
for easier analysis, but indicate that the column is operating in a mode with minimal delays due 
to slow mass transfer or desorption. 
The concentration-independence of peak positions and narrow symmetrical peaks were 
seen for all 3 MOF columns and for all but a few compounds.  Specifically, the compounds 
which did not follow this behavior are acetone, and methyl ethyl ketone (MEK), diethyl ether, 
tetrahydrofuran (THF), pyridine, triethylamine, propylamine, nonanal, acetaldehyde, and ethyl 
acetate, all of which have groups with substantial hydrogen-bond basicity.  As an example for 
these compounds, the chromatograms for acetone and ethyl acetate eluting through the column of 
Banasorb 22 sample 2 column are plotted in Figure 6.2.  It can be seen that the peak position is 
dependent upon the amount injected and that the peaks are asymmetric.  This behavior is the 
result of a combination of 2 factors: 1) curvature of the adsorption isotherms as evidenced by the 
concentration dependence and 2) non-ideality due to delays in mass transfer or desorption as 
evidenced by the fact that the asymmetric legs of the peak due not overlap for different injection 
sizes [59, 60] .  As seen in Figure 6.2, the asymmetry and concentration dependence the 
chromatogram peaks is not overly severe and the retention time can be taken as the value of the 
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intersection of a curve (fitted through the peak maximums) with the baseline.  There is 
admittedly more error and uncertainty in the values obtained for these compounds due to 
difficulties in fitting a curve as well as deviations from theoretical idealities in instantaneous 
equilibrium. 
 
Figure 6.2: The above plots are representative chromatograms of the raw data for the 
asymmetrical and concentration-dependent compounds.  Three injections of different sizes were 
injected for both acetone and ethyl acetate onto the column of  Banasorb 22 sample 2 at 130°C 
with a flow rate of 4.36 SCCM of He.  The signals of the ethyl acetate chromatograms were 
multiplied by a factor of 5 for visualization purposes. 
 It is worth noting at this time that alcohols (methanol, ethanol, isopropanol, n-propanol, 
tert-butanol, 1-hexanol, and 1-heptanol) were also investigated but are not included due to 
complications.  The binding of these compounds was very strong resulting in either no detectable 
elution peak or the decomposition of the probe molecules (evidenced by broad tailing peaks with 
apparent maximum that did not respond to changes in flow rate or temperature).  For these 
reasons, alcohols and amines were not included in the analysis presented here although 
measurements were attempted. 
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 The effect of flow rate upon the corrected retention volumes calculated (see Chapter 3 for 
equations) using the measured retention time, column temperature, James-Martin 
“compressibility correction factor”, and the measured flow rate is demonstrated in Figure 6.3 for 
various adsorbates eluting from the column of Banasorb 22 sample 2.  It can be seen from Figure 
6.3 that the corrected specific retention volume for all adsorbates measured is virtually 
independent of flow rate.  Similar results were measured for the columns containing each of the 
3 MOF samples and plots are available in Appendix B.  This indicates that the columns are 
operating in a mode where mass transfer concerns do not impact elution time, and it implies that 
the values obtained for the corrected retention volumes (and all subsequently calculated values) 
are indicative of equilibrium behavior.  For subsequent trials, the columns were operated such 
that the flow rates allowed for the maximum number of theoretical plates as discussed in Chapter 
3 (typically 2-6 SCCM for these MOFs). 
 
Figure 6.3: figure above shows the flow rate independance of the corrected specific retention 
volume for 3 representative adsorbates at the temperatures shown.  Three injections of different 
sizes were performed at each flow rate upon Banasorb 22 sample 2. 
 As an example of the measured data, Table 6.1 shows the corrected retention volumes 
and corresponding Henry constants (see Appendix B for full data set) for the adsorbates studied 
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at 150° C.  It is not surprising to note that Banasorb 22 sample 2 was measured to give much 
greater Henry constants than Banasorb 22 sample 1 (typically 3-4 times higher) considering the 
more than 10-fold increase in measured specific surface area.  The highest surface area Banasorb 
MOF sample, Banasorb 30, had measured values of retention volume reduced by around 30-40% 
from the values measured for the high surface area Banasorb 22 sample.  This relatively small 
difference could be a result of uncertainty in the measurement of the mass of adsorbent for the 
packed columns or a real result of the differences in the MOF structures.  Data for the corrected 
retention volume and Henry constants calculated for the 2 samples of Banasorb 22 as well as 
Banasorb 30 at all measured temperatures is included in Appendix B. 
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Table 6.1: The corrected retention volumes (L/g) and corresponding Henry constants (mol/kg/Pa) 
listed above are calculated from chromatographic data at 150° C.  Shaded boxes are extrapolated 
from higher temperatures and bold numbers are small and close to the dead volume.  Adsorbates 
marked with an asterisk were fitted similarly to Figure 6.2. 
 
There is a significant decrease in the measured values for the Henry’s constants measured 
here than those reported previously for IRMOF-1.  The highest retention time measured at 
similar temperatures for n-alkanes on the IRMOF-1 samples was found to be 10-20 times the 
highest values reported here for the Banasorb MOFs.  Even the lowest values for n-alkanes 
IRMOF-1 (low surface area sample) are higher than any of the values for Banasorb MOFs.  This 
Values at 150°C
Banasorb 22 - 1
165 m^2/g
Banasorb 22 -2
1742 m^2/g
Banasorb-30
1992 m^2/g
VN (L/g)
KC(mol/kg/Pa) VN (L/g)
KC(mol/kg/Pa) VN (L/g)
KC(mol/kg/Pa)
n-pentane 0.016 4.42E-06 0.060 1.72E-05 0.042 1.20E-05
n-hexane 0.038 1.07E-05 0.133 3.79E-05 0.090 2.56E-05
n-heptane 0.090 2.55E-05 0.317 9.00E-05 0.209 5.93E-05
n-octane 0.209 5.95E-05 0.746 2.12E-04 0.472 1.34E-04
n-nonane 0.479 1.36E-04 1.717 4.88E-04 1.045 2.97E-04
n-decane 0.997 2.83E-04 3.931 1.12E-03 2.316 6.58E-04
n-dodecane 4.899 1.39E-03 18.519 5.26E-03
benzene 0.030 8.41E-06 0.108 3.07E-05 0.057 1.62E-05
toluene 0.071 2.01E-05 0.258 7.33E-05 0.125 3.55E-05
ethylbenzene 0.156 4.42E-05 0.576 1.64E-04 0.261 7.41E-05
n-proplybenzene 0.370 1.05E-04 1.387 3.94E-04 0.596 1.69E-04
n-butylbenzene 0.859 2.44E-04 3.263 9.28E-04 1.468 4.17E-04
p-xylene 0.183 5.19E-05 0.670 1.91E-04 0.277 7.88E-05
1,2,4-trimethylbenzene 0.520 1.48E-04 1.949 5.54E-04 0.670 1.90E-04
1-pentene 0.012 3.28E-06 0.054 1.52E-05 0.037 1.04E-05
1,2-dichlorobenzene 0.363 1.03E-04 1.486 4.22E-04 0.527 1.50E-04
bromobenzene 0.197 5.60E-05 0.702 2.00E-04 0.285 8.09E-05
chloroform 0.016 4.42E-06 0.058 1.65E-05 0.038 1.09E-05
Carbontetrachloride 0.027 7.55E-06 0.115 3.26E-05 0.062 1.78E-05
diethylether* 0.045 1.27E-05 0.142 4.03E-05 0.037 1.04E-05
ethylacetate* 0.400 1.14E-04 2.934 8.34E-04 0.099 2.83E-05
1,2-dichloroethylene 0.014 3.85E-06 0.061 1.73E-05 0.033 9.34E-06
acetone* 0.180 5.11E-05 1.288 3.66E-04 0.046 1.30E-05
MEK* 0.370 1.05E-04 3.358 9.55E-04 0.085 2.41E-05
Tetralin 0.900 2.56E-04 3.530 1.00E-03 1.300 3.70E-04
Trichloroethylene 0.031 8.69E-06 0.125 3.55E-05 0.068 1.93E-05
Butylcyclohexane 0.967 2.75E-04 3.488 9.91E-04 1.983 5.64E-04
Decalin 0.611 1.74E-04 2.388 6.79E-04 1.361 3.87E-04
acetaldehyde* 0.035 9.83E-06 0.113 3.21E-05 0.015 4.25E-06
Nonanal* 4.461 1.27E-03 33.715 9.58E-03 4.277 1.22E-03
Bromoform 0.089 2.53E-05 0.367 1.04E-04 0.161 4.58E-05
Pyridine 0.112 3.18E-05
THF* 0.872 2.48E-04 4.630 1.32E-03 0.087 2.46E-05
TEA* 1085.654 3.09E-01 25.446 7.23E-03
Propylamine* 238.787 6.79E-02
112 
suggests that the inclusion of the modified organic linker significantly shifts the equilibrium 
properties of the material and the Henry constants are significantly reduced.  This shift is most 
likely an impact of increased steric hinderance inside the MOF cavities and decreased abilities 
for large molecules to reach the strongest binding sites.   
There are common proportionalities between Banasorb samples relating the values of VN 
for the different adsorbates.   For example, the values of VN measured for n-alkanes and n-
alkylbenzenes on Banasorb 22 sample 1 are all between 25% and 30% of the values measured 
for Banasorb 22 sample 2.  Similarly, values of VN for n-alkanes on Bansorb 30 are between 
60% and 70% of the values measured on Banasorb 22 sample 2 while the n-alkylbenzenes are 
40-50% of the Banasorb 22 sample 2 values. 
These proportionalities are significantly different for only a handful of compounds.  For 
both Banasorb 30 and Bansorb 22 sample 1, the relative proportionalities when compared to 
Banasorb 22 sample 2 are considerably different than the n-alkanes and n-alkylbenzenes for 
ethyl acetate, acetone, methyl ethyl ketone, nonanal, and THF.  For all of these compounds, the 
retention on the Banasorb 22 sample 2 is much greater than the proportionality calculated for the 
other adsorbates.  Additionally, the values for acetaldehyde and diethyl ether are outside the 
typical proportionality range for only the Banasorb 30 column, but the values for these 
compounds on this column are very low and have some additional uncertainty.  It should be 
pointed out that for all other compounds listed in bold in Table 6.1 that despite the same 
uncertainties, the same proportionality holds (including all of those for Banasorb 22 sample 1.  
Most of the compounds mentioned here are the same hydrogen-bond bases which cause 
asymmetry and concentration dependence demonstrated in Figure 6.2.  This could be a result of 
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the fitting method demonstrated in Figure 6.2, the differences in MOF structures, or an effect of 
the post-treatment methods used in the Banasorb 22 sample 1 and Banasorb 30 samples. 
 
Figure 6.4: a) The figure above shows representative van’t Hoff plots for the Banasorb MOF 
samples.  The sorbates shown above are n-alkanes on Bansasorb 22 sample 2.  The symbols used 
in the figure are n-pentane (solid diamonds), n-hexane (solid squares), n-heptane (triangles), n-
octane (X’s), n-nonane (diamonds), n-decane (squares).  It can be seen that the slopes of the lines 
(enthalpies) as well as the spacing between lines (free energies) varies systematically. b) The 
sorbates shown above are n-alkylbenzenes on Banasorb 22 sample 2.  The symbols used in the 
figure are benzene (solid diamonds), toluene (squares), ethylbenzene (triangles), n-
propylbenzene (X’s), and 1,2,3-trimethylbenzene (open diamonds). 
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The temperature dependence of the Henry constants (therefore the retention volumes) can 
be explored to derive values for the differential enthalpy of adsorption, ∆H, via the van’t Hoff 
relationship.  Representative van’t Hoff plots are shown in Figure 6.4 for a series of n-alkanes 
and n-alkylbenzenes on Banasorb 22 sample 2.  It can be seen that an exponential relationship 
exists between the measured corrected retention volumes and the inverse absolute temperature.  
Linearity similar to that seen in Figure 6.4 was observed for all compounds studied and for all 3 
samples of Banasorb MOFs. 
From the previous work reported for IRMOF-1 and from well-known trends in literature, 
the range and intervals used for the van’t Hoff plots needs to be small enough to maintain 
sufficient linearity and avoid curvature in the isosteres and additional uncertainties in the 
calculated slopes.  This curvature is not an unexpected occurrence for an IGC studies and 
indicates a temperature-dependence for ∆H.  For this reason, 4-5 data points are applied to the 
enthalpy determination around a central value with temperature intervals of 10°C.  The values 
used for the enthalpy determination on all 3 Banasorb MOF samples are given in Appendix B 
along with the data points used and the quality of fit. 
Table 6.2 gives the calculated values for ∆H as well as those for the free energy, ∆G, and 
entropy, ∆S, of adsorption at the temperature listed.  The calculation of these values is discussed 
in Chapter 3.  The temperature listed is the mean value of the data points used in the linear fit 
used for calculating ∆H.  The enthalpy of vaporization at 25° C is also included in Table 6.2 to 
allow for comparison [61].  Values for ∆G were calculated at every temperature for each 
adsorbate and a full table of these values is included in the Appendix B. 
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Table 6.2: The calculated thermodynamic values for adsorption on the Banasorb MOF samples 
are listed along with the heat of vaporization at 25° C for reference.  Heats of adsorption are 
calculated from the van’t Hoff relationship and are listed in kJ/mole.  Free energies in kJ/mole 
and entropies are in J/mol/K are also listed. 
 
In general, there is a great deal of similarity between the values of ∆H measured for the 2 
different samples of Banasorb 22 as shown in Table 6.2 despite significantly different specific 
surface areas.  The enthalpies of adsorption measured for most compounds on Banasorb 22 are 
slightly greater (usually within 10 kJ/mole) than the enthalpies of vaporization listed, indicating 
the enhanced interaction between the MOF surface and the adsorbed molecules.  The calculated 
values for ∆H which are significantly enhanced from the enthalpy of vaporization (30-50 kJ 
beyond the enthalpy of vaporization) are diethyl ether, acetone, MEK, nonanal, THF, and 
propylamine.  For triethylamine, the calculated ∆H is roughly 130 kJ/mole greater than the 
∆Hvap
Banasorb 22 -1 Banasorb 22 -2 Banasorb-30
165 m^2/g 1742 m^2/g 1992 m^2/g
T (°C) ∆H ∆G ∆S T (°C) ∆H ∆G ∆S T (°C) ∆H ∆G ∆S
n-pentane 26.4 150 29.0 11.7 40.8 150 29.4 8.2 50.1 150 25.5 6.5 45.0
n-hexane 31.6 150 35.5 14.9 48.9 150 36.2 11.0 59.5 150 30.6 9.2 50.6
n-heptane 36.6 150 41.3 17.9 55.4 150 43.6 14.1 69.9 150 36.4 12.1 57.5
n-octane 41.5 150 47.9 20.9 63.8 150 51.0 17.1 80.1 150 42.1 15.0 64.2
n-nonane 46.6 150 54.7 23.8 73.1 150 58.1 20.0 90.1 150 47.3 17.8 69.7
n-decane 51.4 200 54.4 23.0 66.4 150 65.6 22.9 100.9 150 52.4 20.6 75.3
n-dodecane 61.5 200 65.3 28.1 78.7 200 69.2 23.5 96.5
Benzene 33.8 150 35.9 14.0 51.6 150 36.9 10.3 63.0 150 28.4 7.6 49.4
Toluene 38.0 150 42.3 17.1 59.5 150 45.1 13.3 75.1 150 34.6 10.3 57.4
Ethylbenzene 42.2 150 48.1 19.8 66.7 150 52.2 16.2 85.2 150 38.9 12.9 61.4
n-proplybenzene 46.2 150 54.8 22.9 75.4 150 60.2 19.3 96.8 150 44.3 15.8 67.3
n-butylbenzene 50.8 200 54.3 22.5 67.2 200 59.0 17.9 86.9 150 51.2 19.0 76.3
p-xylene 42.4 150 49.9 20.4 69.6 150 54.7 16.7 89.9 150 39.4 13.1 62.2
1,2,4-trimethylbenzene 47.9 150 59.5 24.1 83.7 150 64.7 20.4 104.7 150 45.8 16.2 69.9
1-pentene 25.5 150 33.7 10.7 54.4 150 28.1 7.8 47.9 150 25.5 6.0 46.1
1,2-dichlorobenzene 50.2 150 59.6 22.8 86.8 150 62.5 19.5 101.7 150 47.8 15.4 76.7
Bromobenzene 44.5 150 51.3 20.7 72.3 150 54.6 16.9 89.1 150 42.1 13.2 68.2
Chloroform 31.3 150 35.6 11.7 56.4 150 33.5 8.1 60.1 150 26.4 6.2 47.8
Carbontetrachloride 32.4 150 36.0 13.6 53.0 150 36.2 10.5 60.7 150 27.4 7.9 46.2
diethylether* 27.1 150 65.6 15.5 118.5 150 52.9 11.2 98.6 150 27.4 6.0 50.6
ethylacetate* 35.6 150 83.9 23.2 143.6 150 90.3 21.9 161.8 150 39.2 9.5 70.1
1,2-dichloroethylene 30.2 150 35.5 11.3 57.3 150 32.3 8.3 56.8 150 25.4 5.6 46.8
acetone* 31.0 150 78.5 20.4 137.4 150 69.9 19.0 120.4 150 41.7 6.8 82.5
MEK* 34.8 150 82.7 22.9 141.4 150 92.5 22.4 165.8 150 45.0 8.9 85.2
Tetralin NA 200 54.6 22.6 67.6 200 59.6 18.2 87.6 150 50.5 18.6 75.4
Trichloroethylene 34.5 150 40.5 14.1 62.3 150 38.7 10.8 66.0 150 30.5 8.2 52.9
Butylcyclohexane 49.4 200 53.9 23.0 65.4 200 57.7 18.4 83.1 150 51.5 20.0 74.4
Decalin NA 200 48.2 21.8 55.7 200 52.7 17.5 74.4 150 48.0 18.7 69.1
Nonanal 46.1 250 70.5 22.3 92.3 250 78.8 18.8 114.7 200 57.8 18.5 83.1
Bromoform 46.1 150 48.3 17.9 71.9 150 49.3 14.6 82.1 150 38.5 11.2 64.5
Pyridine 40.2 150 61.0 9.9 120.7
THF 32.0 150 87.1 25.9 144.7 200 89.0 14.7 157.0 150 41.8 9.0 77.5
Triethylamine 34.8 250 164.4 24.0 268.5 250 104.6 13.2 174.8
Propylamine 250 121.7 18.1 198.0
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enthalpy of vaporization; indicating an extremely strong specific interaction which is most likely 
due to a hydrogen-bonding interaction between the amine molecule and the framework.  All of 
the adsorbates noted as having enhanced interactions as indicated by enthalpies far exceeding the 
heat of vaporization can be categorized as being capable of strong hydrogen-bond interactions.  
There is an interesting difference in the adsorption of MEK and acetone on Banasorb 22 sample 
2 in which the ∆H values calculated differ by more than 20 kJ/mole.  This is a much greater 
difference than seen on any other MOF sample studied and implies a specific interaction that 
may be due to the effect of size on the MEK structure (one extra carbon on one side chain). 
For most sorbates studied, the variation in the values of ∆H calculated for the Banasorb 
22 samples is less than about 1-6 kJ/mole.  The compounds with more variation between 
calculated values for the enthalpy of adsorption between Banasorb 22 samples are diethyl ether, 
acetone, MEK, and nonanal (8-13 kJ/mole difference).  These compounds can be summarized as 
having substantial basicity and requiring measurement of retention time as shown in Figure 6.2.  
As discussed previously, this difference may be due to uncertainty in the determination of the 
retention time or a result of the treatment method used for Banasorb 22 sample 1. 
In comparison, the values calculated for ∆H of adsorption for Banasorb 30 are 
significantly lower in general.  The enthalpy of adsorption for n-alkanes on Banasorb 30 are 
between 5 and 15 kJ/mole below those for Banasorb 22 and the aromatic compounds are 10-20 
kJ/mole lower.  In fact for a large portion of the compounds studied, the values calculated for ∆H 
are below the values for the heat of vaporization at 25°C obtained from literature.  For the 
hydrogen-bond compounds studied (i.e. diethyl ether, ethyl acetate, MEK, acetone, nonanal, 
THF, and triethylamine) the difference between the calculated values of ∆H for Banasorb 30 and 
Banasorb 22 are even more drastic, with differences between 25 and 60 kJ/mole.  There appears 
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to be a significant difference in the ability of the 2 MOF structures in terms of ability to form 
hydrogen bond interactions.  For these compounds, the values for ∆S and ∆G are much larger on 
the Banasorb 22 samples than on the Banasorb 30 sample indicating fundamental differences in 
the adsorption mechanisms. 
When compared to values reported for IRMOF-1, the values of ∆H for all but the 
hydrogen-bond compounds are significantly reduced in the Banasorb MOFs.  The values for the 
hydrogen-bond adsorbates are similar between Banasorb MOFs and IRMOF-1.  The values 
measured for the differential heat of adsorption for n-pentane on the 2 Banasorb 22 samples 
agree well with the value of 29.32 kJ/mole that Jiang and Sandler predicted through Monte Carlo 
simulation for IRMOF-1 [31].  Based upon the dependence of ∆H to the carbon number reported 
by Jiang and Sandler (4.693 kJ/mole for each additional carbon), the larger n-alkanes are for the 
Banasorbs are larger than the calculated values. 
The fact that values of ∆H measured for IRMOF-1 were found to be much larger than 
those from Jiang and Sandler’s prediction [31] while the values of ∆H for Banasorb 22 agree 
much better could be the result of the lone structural difference.  The difference in ∆H may be a 
result of variations in the IRMOF-1 samples studied due to surface area-reducing imperfections 
while the XRPD patterns shown in Figure 6.1 indicate no such decomposition for the Banasorb 
MOF samples.  In addition to enhancing the stability of the MOF samples, the added chemical 
functional groups present in the Banasorb MOFs may also inherently reduce the strength of the 
interactions between the adsorbed molecules and the framework.  The similarity between the ∆H 
values calculated for IRMOF-1 and the Banasorb samples for the hydrogen-bonding adsorbates 
indicates the strong interaction for these compounds is unaffected by the added functional 
groups.  This observation makes intuitive sense if you consider that these molecules are all 
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relatively small and interact most strongly with sites deep in the Zn-O coordinated corners of the 
framework. 
  
Figure 6.5: The figure above shows the effects of a) n-alkane chain length and b) n-alkylbenzene 
chain length upon the thermodynamics of adsorption.  The solid markers represent enthalpies of 
adsorption and the empty markers are the free energies.  The three Banasorb MOF samples are 
all shown in this plot with Banasorb 22 sample1 (diamonds), Banasorb 22 sample 2 (squares), 
and Banasorb 30 (triangles). 
In Figure 6.5, the effects of chain length upon enthalpy and free energy are plotted for a 
series of n-alkanes and n-alkylbenzenes.  The anticipated linear relationships between carbon 
number and ∆H and ∆G are apparent in Figure 6.5 as is the similarity between the 2 samples of 
Banasorb 22.  It can be seen that the values of Banasorb 30 are offset below those for Banasorb 
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22 (particularly the enthalpy values).  The linearity of the thermodynamic values for n-alkanes is 
due to the additive nature of dispersive interactions and is commonly shown in experimental and 
computational research including that of Jiang and Sandler for smaller n-alkanes on IRMOF-1 
[31].  The fact that the n-alkylbenzene values also strongly follow this trend shows that the 
interactions are predominantly dispersive and additive in nature. 
The enthalpy and free energy associated with the adsorption of an additional methylene, 
∆HCH2 and ∆GCH2 respectively, can be obtained from the slope of a line fit to the data in Figure 
6.5 and these values are summarized in Table 6.3 along with the entropy values.  Average values 
for ∆HCH2 for the Banasorb 22 samples are roughly 7 kJ/mole for both the n-alkane and n-
alkylbenzene series.  The values for ∆HCH2 on the n-alkane series and the n-alkylbenzene series 
for the Banasorb 30 sample are reduced to 5.5 kJ/mole.  For all Banasorb samples, the values 
calculated for ∆GCH2 at 150°C are around 3 kJ/mole for both n-alkanes and n-alkylbenzenes.   
Table 6.3: The effects of additional methylene groups are summarized in the table above for n-
alkanes and n-alkylbenzenes on the 3 Banasorb MOF samples.  The values for Enthalpy and Free 
Energy are listed in kJ/mole and the entropy values are in J/mol/K. 
 
These values for ∆HCH2 and ∆GCH2 are also all significantly reduced from those reported 
for IRMOF-1 (∆HCH2 and ∆GCH2 values of around 10 and 4 kJ/mole respectively for n-alkanes 
and 8 and 4 kJ/mole respectively for n-alkylbenzenes).  It is interesting to note that while the 
values of ∆HCH2 calculated for IRMOF-1 are different for the 2 series, those for the Banasorbs do 
not seem to differ significantly between n-alkanes and n-alkylbenzenes.  This could be a result of 
n-alkanes n-alkylbenzenes
ΔHCH2 ΔGCH2 ΔSCH2 ΔHCH2 ΔGCH2 ΔSCH2
Banasorb 22-
sample 1 6.38 3.01 7.95 6.26 2.91 7.92
Banasorb 22-
sample 2 7.26 2.95 10.18 7.54 2.96 10.84
Banasorb 30 5.44 2.83 6.17 5.53 2.89 6.23
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differences in the interactions between the MOF structures.  The interaction of the aromatics 
with the Banasorb MOF frameworks could be of a much more dispersive nature than that 
measured for the IRMOF-1 samples.  In addition, there could be a difference in the steric 
interactions between the n-alkane and n-alkylbenzenes in IRMOF-1 that is not detectable in the 
Banasorb 22 samples.  This could be a result of the Banasorb MOF’s functional groups 
preventing the n-alkanes from reaching active sites that the n-alkylbenzenes are sterically 
prohibited from reaching, thus resulting in more similar trends between the two sets. 
The value for ∆GCH2 calculated in Table 6.3 for the n-alkanes is commonly used through 
the Dorris and Gray method [62-66] to estimate the dispersive component of the surface energy, 
γs
D
 (see Chapter 3 for theory and equations).  The value of γsD is an important term for the 
evaluation of the acitivity of a solid surface and is related to the London interactions and the 
heterogeneity and defects of a surface.  The values for γsD (between 33-44 mJ/m2) calculated for 
the Banasorb MOF samples here are relatively low compared to other microporous materials 
such as activated carbons and zeolites which often have values of γsD reported in the range of 200 
-500 mJ/m2.  The effect of temperature upon γsD is demonstrated in Figure 6.6.  This plot is 
typical of those seen for adsorbent materials, however it can be seen that the values for the 2 
Banasorb 22 samples are consistently higher than for the other Banasorb 30 sample.  The 
reduced surface are Banasorb 22 sample, Banasorb 22 sample 1 has slightly higher values than 
the high surface area sample indicating that there may be increased activity of the surface of this 
sample.  The reduced values for γsD demonstrate the relatively inactive surface of the Banasorb 
MOFs at the temperatures measured in comparison to other inorganic microporous materials. 
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Figure 6.6: The figure above shows the effects of temperature upon the dispersive component of 
the surface energy, γsD.  The three Banasorb samples are all shown in this plot with Banasorb 22 
sample 1 (circles), Banasorb 22 sample 2 (triangles), and Banasorb 30 (diamonds). 
Additionally, the values of calculated here for γsD are significantly lower than those 
calculated for IRMOF-1 under similar conditions (values between 80 and 90 mJ/m2 between 150 
and 180°C).  The additional of the structural functional groups to the framework present in the 
Banasorb MOFs appears to have further reduced the activity of the MOF surface which could be 
the result of several factors.  The reduction in γsD could be a result of the functional group 1) 
providing more organic surface for the interactions to be take occur 2) preventing the adsorbate 
from as easily reaching the inorganic component. 
 There are several methodologies used in an attempt to separate the dispersive interactions 
from the specific to allow for greater understanding of observed adsorption phenomena.  One of 
the methods commonly employed is to plot the retention volume (or the calculated free energy of 
adsorption) versus the vapor pressure of the analyte [48].  In this method, the dispersive 
component of the adsorption is represented by a plot of the series of nonpolar n-alkane probes.  
By looking at the offset of the values for other probe molecules from a line fit through the 
alkanes, the specific component of free energy can be determined. 
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Figure 6.7: The figure above shows the correlation between a sorbate’s vapor pressure and the 
free energy of adsorption (retention volume) measured at 150°C by IGC.  The solid circles 
representing n-alkanes and the triangles representing other measured analytes and data is for a) 
Banasorb 22 Sample 1, b) Banasorb 22 Sample 2, and c) Banasorb 30.  Vapor pressures are 
calculated at 150°C by the Lee-Kesler method. 
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This method has been applied successfully for some simple materials, but as can be seen 
in Figure 6.7, it does not apply well to the 3 Banasorb MOF samples investigated.  In these 
figures, the value of the vapor pressure was calculated at the given temperature using the Lee-
Kesler method [67] along with the value of the critical parameters [61, 68].  Values used for this 
calculation are given in Appendix B.  The problem seen in Figure 6.7 is that nearly all of the 
points lie below the nonpolar alkane line and the resulting values for the specific component of 
∆G would be positive, a value which makes no physical sense.  Typically, those values above the 
nonpolar line for the Banasorb 22 samples (other than the labeled amine points) are 
corresponding to the hydrogen-bond compounds such as acetone and diethylether. 
From the observation that most of the data points lie below this line, it can be stated that 
the forces governing the analyte-analyte interactions (determining the vapor pressure) are very 
different from those governing the analyte-adsorbent interactions.  This is not surprising 
considering that the measurements reported here are in the Henry’s region of adsorption at which 
the analyte-analyte interactions are negligible and only the interactions between the analyte and 
the strongest active site are probed.  In addition, these plots indicate that there does not appear to 
be any correlation relating the intermolecular forces governing the vapor-liquid equilibrium with 
those controlling the infinite dilution adsorption. 
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Figure 6.8: a) The figure above shows the correlation between a sorbate’s deformation 
polarizability and the free energy of adsorption (retention volume) measured by IGC.  The solid 
circles representing n-alkanes and the triangles representing other measured analytes.  Data is for 
a) Banasorb 22 sample 1, b) Banasorb 22 Sample 2, and c) Banasorb 30. 
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The failure of such models in identifying the specific component of adsorbate-adsorbent 
interactions is not unprecedented and has led to the development of the usage of alternative 
molecular properties.  One of the more successful properties used in place of vapor pressure is 
the deformation polarizability as shown if Figure 6.8 [49, 51, 52, 69].  This term is directly 
derived from the fundamental London equation and the application of this term to such a system 
is in effect probing the relationship of measured retention to the molecule’s fundamental 
electronic dispersive ability.  Molecular polarizabilities can be obtained from literature [61] and 
the characteristic electronic frequency can be calculated as discussed in the Chapter 3.  The 
values of both polarizability and frequency used in Figure 6.8 are given in Appendix B. 
 From Figure 6.8, it can be seen that the deformation polarizability does a much better job 
of giving negative values for the change in free energy.  However, there are still a few data 
points which appear to be below the alkane line (the most notable are those corresponding to p-
xylene, butylcyclohexane, and ethylbenzene).   In general, many of the points lie very close to 
the nonpolar line fit through the n-alkanes implicating the interaction of these compounds is due 
primarily to dispersion effects.  This could be explained by the fact that dispersive interactions 
are typically more important at elevated temperatures than are specific interactions.  Again, for 
the Banasorb 22 samples, the compounds which are most offset from the nonpolar line 
correspond to the hydrogen-bond capable compounds.  This again indicates the intensity and 
ability of the Banasorb 22 MOF to form these interactions.  The intensity seen in the Banasorb 
22 samples is not seen in Banasorb 30. 
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Figure 6.9: The figure above shows the fit of the corrected specific retention volumes measured 
at 150°C to the Abraham LFER model for a) Banasorb 22 sample 1, b) Banasorb 22 sample 2, 
and c) Banasorb 30.  Values for those compounds not measured at 150° C was estimated using 
the van’t Hoff relationship and the nearest experimental data point 
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Applying the Abraham LFER model given by Equation 3.15 to the IGC data calculated 
for the 3 MOF samples allows for some insight into the dominate interactions controlling the 
adsorption processes on IRMOF-1 and may possibly allow for the prediction of equilibrium and 
thermodynamic information of untested compounds.  The Free Energy relationship of the 
adsorption process can be directly modeled by fitting the natural logarithm of the corrected 
specific net retention volume (measured here at 150° C) using the regression parameters in 
Equation 3.15.  Values of the Abraham parameters used for the adsorbates are provided in 
Appendix B.  Due to the difficulties in measuring compounds with significant hydrogen bond 
acidity, the “a” terms of Equation 3.15 are omitted and only e,s,b,l, and c are used as regeression 
parameters.  The quality of fit for the measured retention volumes to the Abraham LFER can be 
seen in Figure 6.9 and the values for the regression parameters calculated are shown in Table 6.4.  
It can be seen that for all 3 Banasorb MOF samples that the Abraham model appears to capture 
the essence of the adsorption mechanisms with no significant outliers present.  It must be pointed 
out at this time that the set of compounds studied in these plots are not identical and that the 
values for the amines are not presented in this fit due to the aforementioned difficulties with 
acidic compounds. 
Table 6.4: Values of the Abraham constants fit to the Retention volume at 150°C. 
 
Abraham Constants f it to Retention volume (L/g) at 150°C
e s b l c
Banasorb 22 sample 1 -2.104 0.954 4.754 1.562 -7.500
Banasorb 22 sample 2 -3.046 2.170 4.706 1.587 -6.268
Banasorb 30 -1.930 0.614 0.761 1.587 -6.600
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Figure 6.10: a) The figure above shows the fit to the Abraham LFER model for the differential 
heats of adsorption measured on a) Banasorb 22 sample 1, b)  Banasorb 22 Sample 2, and c) 
Banasorb 30. 
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The values of the heats of asorption were also fit using the Abraham LFER model (again 
leaving out the acidity terms) and the results are shown in Figure 6.10 and Table 6.5.  A 
surprisingly good fit was obtained considering the LFER model is being applied to ∆H and not to 
a term related to ∆G.  The same trends were noticed in which the quality of the fit for the model 
seems satisfactory for all samples (with perhaps the outlier of pyridine on the Banasorb 30 
sample) with the Abraham LFER model generally correlating the differential enthalpy of 
adsorption within roughly 5 kJ/mole for the experimental data presented here. 
Table 6.5: The table below lists the values found by regression analysis using the Abraham 
model for calculated data of the differential heats of adsorption. 
 
 The regression parameters shown in Table 6.4 and Table 6.5 that were used in fitting the 
retention and enthalpy data can offer some insight into the molecular interactions dominating the 
adsorption process.  Much like in the work reported for IRMOF-1, the dominating terms seem to 
be the size-related l terms and the hydrogen-bond basicity terms.  The polarizability term, e, is 
significantly negative in all cases suggesting a negative interaction resulting from nonbonded and 
pi-electrons.  This is not an unprecedented situation although it is usually only seen for 
fluorinated polymers and it is not intuitively expected in this type of material.  It should be 
pointed out that the Abraham Model does not have any terms corresponding to a pore size of the 
adsorbent.  The negative effect of the polarizability term could be due to the fact that most 
compounds studied with significant “E” values are all rather large aromatics.  The size limitation 
Abraham Constants f it to ∆H adsorption
e s b l c
Banasorb 22 sample 1 -35.839 32.863 73.776 11.249 5.360
Banasorb 22 sample 2 -54.084 54.746 55.014 16.114 -8.701
Banasorb 30 -19.407 16.494 23.683 10.906 -0.024
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accessible to the strongest binding sites might limit the interactions with these specific 
compounds thus resulting in the observed negative regression parameters. 
 In comparison to values calculated for IRMOF-1, the b-terms seem to be much larger for 
the Banasorb 22 samples while the Banasorb 30 values are reduced.  This indicates the weaker 
interactions with these compounds that has previously discussed.  The l-terms for all 3 Banasorb 
samples are similar to the values for IRMOF-1 as are the “s” values.  The e-terms calculated for 
Banasorb 22 are slightly increased (less absolute values) from those for IRMOF-1 and the 
Banasorb 30 values are even more reduced.  This change implies that the functional groups 
present in the Banasorb MOFs either 1) prevent decomposition that limits the size of the cavities 
(preventing aromatic compounds from reaching the strongest binding sites) or 2) prevents most 
studied molecules from reaching the inorganic corners thus minimizing any steric impact upon 
aromatic compounds. 
6.4 Conclusions 
 This work has expanded the application of an IGC method utilizing micro-packed 
capillaries to the study of VOC adsorption in MOFs.  Equilibrium and thermodynamic values of 
adsorption are reported for a wide range of organic compounds into 3 different samples of 
Banasorb MOFs.  These Banasorb MOFs represent 2 structural analogues to IRMOF-1 in which 
the benzene ligand of the framework has an additional trifluoromethoxy group (Banasorb 22) or 
methyl group (Banasorb 30).  In addition, 2 samples of Banasorb 22 were measured with greatly 
varying specific surface areas which differed by more than a factor of 10 to explore the effect of 
batch-to-batch variation upon adsorption properties. 
 Despite the reduction in measured surface area for Banasorb 22, the XRPD indicated no 
structural decomposition like that common for IRMOF-1 inferring enhanced structural stability 
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due to the inclusion of the trifluoromethoxy functional groups.  Additionally, the observed 
adsorption properties in these modified MOFs are significantly altered from those previously 
reported for IRMOF-1 with the most notable change being the significantly reduced Henry 
constants and heats of adsorption on Banasorb MOFs.  As was the case for IRMOF-1, it was 
observed that the corrected retention volumes calculated in these MOFs were independent of 
flow rate suggesting the observed behavior was truly representative of equilibrium behavior. 
In addition to identifying a significant reduction in the measured values for the heats of 
adsorption and Henry constants for Banasorb MOFs in comparison to IRMOF-1, it was noticed 
that there is a further (less significant ) reduction for the methyl-funtionalized MOF (Banasorb 
30) as compared to the trifluoromethoxy-functionalized MOF (Banasorb 22).  Many of the 
values for heats of adsorption on Banasorb 30 are very close or below those reported for the 
enthalpy of vaporization at 25°C.  This difference is most likely due to geometric and chemical 
changes to the cavities and pores of the framework and modifications to the interactions with 
guest molecules. 
It was noted that the differential enthalpies and free energies measured vary linearly with 
the increase in chain length for a series of n-alkanes and n-alkylbenzenes.  As was noticed for 
IRMOF-1, interaction between adsorbates that are capable of hydrogen-bond interactions (e.g. 
amines, ketones, ether) result in a very strong interaction with greatly enhanced heats of 
adsorption.  Interaction for many of these compounds result in similar values for both Banasorb 
MOFs and IRMOF-1 indicating that the adsorption of these compounds is not as affected by the 
structural modification present in the Banasorb MOFs as is the adsorption of more nonpolar 
compounds.. 
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 The dispersive component of the surface energy was calculated at a series of 
temperatures and it was observed that this value is significantly lower than values reported for 
inorganic microporous materials as well as significantly lower than that for IRMOF-1.  This 
indicates that the functional groups present on the Banasorb MOFs reduces the activity of the 
surface by either 1) providing more organic surface for interactions with adsorbates or 2) 
preventing adsorbates by reaching the highest energy binding sites. 
As was done with IRMOF-1, attempts were made to utilize the vapor pressure and 
deformation polarizability to isolate the effects of specific interactions.  These attempts also 
resulted in positive free energies and the Abraham LFER was applied to overcome these 
troubles.  The Abraham model was applied to retention volume and enthalpy and it was noted 
that hydrogen bond basicity as well as the dispersive terms appear to dominate.  Hydrogen-bond 
acidity of the adsorbate is probably also significant, but experimental difficulties in measuring 
these analytes makes fitting this value challenging.  A negative effect for the adsorption on 
Banasorb MOFs was calculated for an effect due to polarizability for nonbonded and pi-electrons 
as was seen previously for IRMOF-1.  This effect was again explained as being a result of 
unaccounted size-exclusion effects which preventing large aromatic compounds from reaching 
the most active binding sites.  This negative effect for polarizability was reduced for Bansorb 22 
and Banasrob 30 from that of IRMOF-1 which is most likely a result of the new MOF’s 
functional group preventing any of the adsorbates from reaching the most active binding sites 
and therefore minimizing the discrimination seen for larger aromatics.  The Abraham LFER 
shows potential to capture details of adsorption phenomena as well as the possibility for 
predicting adsorption equilibrium and thermodynamics for adsorbates not yet studied. 
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Chapter 7 Trends in Adsorption of VOCs in ZIF-8 
In this work, the adsorption properties of ZIF-8 (a MOF that significantly differs from the other 
MOFs studied) are investigated for a range of organic gases and vapors.  ZIF-8 has been 
previously shown to be stable under many extreme conditions and is commercially available.  In 
comparison to the other MOFs studied in Chapter 5 and Chapter 6, ZIF-8 has slightly smaller 
pore sizes with greatly reduced openings between pores (~0..34 nm). 
This reduction in pore apertures was seen to cause molecular sieving effects in which 
little or no retention was seen chromatographically for branched alkanes, aromatic compounds, 
and heavily halogenated compounds (e.g. carbon tetrachloride).  Calculated thermodynamic 
values for the adsorption of n-alkanes as well as the dispersive component of surface energy 
were all shown to be reduced from those of IRMOF-1 discussed in Chapter 5. 
Unlike what was observed for the other MOFs, adsorption of hydrogen-bond bases (e.g. 
ketones, and ether) did not see a significant enhancement in adsorption on ZIF-8.  However, 
acidic compounds such as alcohols and amines appear to behave similiarly to the other MOF 
structures.  This is attributed to the absence of acid sites in ZIF-8.  A rather significant 
enhancement is seen for propylene and ethylene adsorption over their respective alkanes and this 
is believed to be due to significant interactions of the pi-electrons with the framework.  
Deformation polarizability was used to calculate the specific component of the free energy of 
adsorption (which was found to be typically between 10% and 70% of the total free energy at 
250°C).  The specific component of free energy was found to correlate well with the dipole 
moment of the adsorbate. 
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7.1 Introduction 
The separation of propane and propylene mixtures (as well as other alkane/alkene 
mixtures) is one of a very difficult and expensive commercial process due to small differences in 
relative volatility and the large fractional distillation apparatus required [1].  Because of this 
difficulty, several alternate processes have been explored [2] including the usage of adsorption-
based separation with zeolites and similar traditional microporous materials [3-7].  Similarly, 
work is being done to effectively sieve linear alkanes from larger branched alkanes over zeolite 
and silicalite adsorbents for the boosting of octane ratings for better fuels [8-16].   There are 
limitations to the effectiveness of existing adsorbents and novel adsorbents with tailored 
properties are needed for improved performance as the effectiveness of the process is tied 
directly to the adsorbent properties. 
One exciting class of novel microporous materials which represents a great opportunity 
for improved adsorption processes is Metal-Organic Frameworks (MOFs, also referred to as 
porous coordination polymers).  MOFs are a class of crystalline materials that often posses 
unprecedented high porosity, substantial thermal stability (often over 400°C), and the allure of 
designability.  Over roughly the past decade, there has been a significant amount of research 
regarding the synthesis and applications of MOFs including demonstrated separations of alkane 
isomers [17-19].  There are 10,000s of MOF (also referred to as porous coordination polymers 
among other names) structures cataloged in the Cambridge Structural Database [20-23].  One of 
the limitations preventing real world adsorption applications for MOFs is the mechanical and 
chemical stability of many MOF structures.  A great number of MOF structures are not stable 
after the removal of the solvent (or other guest molecules) and many MOFs (most notably 
IRMOF-1) decompose quickly to a nonporous phase with very small amounts of exposure to 
moisture [24-28].   
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One recently developed class of MOFs that has the potential to overcome the stability 
issue is Zeolitic Imidazolate Frameworks (ZIFs).  ZIFs are formed by the crystallization of a 
transition metal species bound to the nitrogens of an imidazole compound and are so named 
because of their structural similarities to many zeolites (including characterstic angles of 145°) 
[29]. There several members of this class of MOFs and many of them have been reported for 
interesting applications such as large, selective uptake of carbon dioxide [30-34].  One 
particularly interesting member of the ZIF family and the one investigated here is ZIF-8 (2-
methylimidazole zinc salt).  ZIF-8 has been demonstrated in many applications including the 
kinetic separation of propane/propylene [35], hydrogen separation through a ZIF-8 membrane 
[36], and the oxidation of CO in a ZIF-8 impregnated with gold [37].  In comparison to many 
other MOFs, ZIF-8 has shown amazing thermal and chemical stability due to its hydrophobic 
nature and strong bonds.  It has been demonstrated as being stable to 550°C and in boiling 
benzene, methanol, water, and aqueous NaOH [29].  This type of stability truly opens up many 
applications to MOFs that are not able to be realized by the vast majority of structures. 
Our previous work addressed the adsorption in IRMOF-1 and structural analogues for 
multiple samples with different surface areas and X-ray powder diffractograms.  It is the purpose 
of this paper to expand that previous work and to address the adsorption of alkanes and other 
classes of VOCs on a commercially available sample of ZIF-8.  By utilizing a pulse-injection 
inverse gas chromatography (IGC) technique, the adsorption of linear and branched alkanes, 
alkenes, as well as compounds with various other properties is systematically studied on ZIF-8. 
The equilibrium constants at zero coverage and thermodynamics of adsorption at the low 
coverage limit are explored and correlations are made between the molecular properties of the 
adsorbates and the observed adsorption behavior.  Molecular properties commonly used to 
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analyze and explain adsorption behavior (i.e. vapor pressure [38] and polarizability [39-42]) are 
employed in an attempt to discriminate the specific and nonpolar components of adsorption.  
Enhancement in the adsorption of alkenes over the corresponding alkane is demonstrated as is 
the molecular sieving of branched alkanes from linear alkanes.  The specific component of the 
free energy of adsorption is calculated for some compounds and is correlated to the dipole 
moment of the adsorbate.   
7.2 Experimental Section 
 The sample of ZIF-8 (2-methylimidazole zinc salt) was used as purchased from Sigma-
Aldrich (Basolite Z1200).  As recommended from the manufacturer, the material was first 
activated at 100°C under vacuum conditions for a period of 4 hours before any measurements or 
characterization was performed.  The surface area of the material is provided by the 
manufacturer as being between 1300 and 1800 m2/g with a bulk density of 0.35 g/cm3 and 
particle size of around 4.9 µm. 
For the IGC studies, dry MOF powder is packed into an approximately 15 cm length of 
0.53mm ID guard column (Restek, 10045).  The first step is to insert a plug made of IP 
deactivated borosilicate glass wool (Restek, 20789) about 1 cm long into the column.  The mass 
of the capillary and glass wool plug are measured and recorded.  After fixing a sufficient plug 
into one end of the capillary, the column is connected to a vacuum pump and a vacuum of 
around 20 inHg is applied using a metering valve for control.  The open end of the column is 
then used to suction around 3-4 cm (~2 mg) of dry MOF powder into the column with occasional 
mechanical vibrations used to assist the uniform packing.  After reweighing the column (now 
with MOF), a second glass wool plug is inserted into the open end of the column.  Excess guard 
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column is trimmed leaving around 1 cm open on each end to reduce dead volume and peak 
broadening.  The final weight of the shortened column is recorded. 
The guard column packed with MOF is then connected to two lengths (7 and 30 cm) of 
0.25 mm ID guard column (Restek, 10049) using butt connectors fittings (Supelco, 23804) with 
M-2B butt connector ferrules (Supelco, 22455-U).  The column is then connected into the 
split/splitless inlet of an Agilent 6890 gas chromatograph using the shorter length of connecting 
guard column (oriented in such a way that the direction of flow is the same as that of the suction 
during the packing process) with the longer length of connecting column disconnected for 
activation.  The gas chromatograph is set up using ultra-high purity helium which is first passed 
through a 7 µm particle filter and then a universal trap (Agilent, RMSH 2).  A split/splitless fast 
focus inlet liner with 2.3mm ID (Supelco, 2879505-U) is used in the gas chromatograph inlet. 
For activation, the inlet of the gas chromatograph is pressurized to 20 psi and the oven 
temperature is slowly ramped (1°C/min) to 275° C where the temperature is held for 10 hours 
before being slowly returned to room temperature.  This step is done to remove any residual 
guest molecules in the MOF and to increase the available porosity for IGC measurements.  The 
packed column is then disassembled and reweighed to account for any mass changes due to 
removal of residual solvent in the MOF.  The packed column is then reassembled and the 
effluent end of the column is now connected to a flow meter (Omega, FMA-A2300) and the flow 
rates are recorded for all combinations of temperature and pressure being investigated (up to 
270° C).  The flow meter readings are converted to helium by multiplication by a conversion 
factor.  The flow rate values used are available in Appendix C. 
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After measuring and recording the flow rates for each set of temperature and pressure, the 
outlet of the column can now be connected to a flame ionization detector (FID) and pulse 
injections can now be performed.  The gas chromatograph’s auto injector (Agilent, 7683B) and a 
10µL gas-tight syringe (Agilent, 5181-3354) are used to inject 0.2 to 5.0 µL of headspace vapor 
onto the column.  Dead volume was measured by injecting methane at 200-270° C at several 
inlet pressures and measuring the holdup time assuming no retention. 
For every measured value of corrected specific retention volume (i.e. for each 
combination of adsorbate, temperature, and pressure), 3 different injections were performed with 
varied amounts of vapor.  This was done to ensure that the peak position was independent of the 
concentration thus verifying that the measurement corresponds to an ideal, infinite dilution 
behavior. 
7.3 Results and Discussion  
 For the IGC study, the raw data obtained for the elution of the VOC from the packed 
column is in the form of the FID signal versus time.  Chromatograms for the detected elution of 
the series of nonpolar n-alkane probes are represented by symmetrical peaks with positions that 
are independent of the injected amount.  This behavior can be seen in Figure 7.1a for a selection 
of the n-alkanes studied at 230°C.  This independence of peak position upon concentration 
verifies that the study is performed in the linear (Henry’s) section of the adsorption isotherm and 
that infinite dilution is a valid assumption [43-44]. 
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Figure 7.1: Example chromatograms for compounds with useable retention volume on ZIF-8.  
Plot a) shows the effect of increased n-alkane chain length, plot b) shows the retention of some 
compounds with hydrogen-bond basicity, and plot c) shows the effect of temperature upon the 
elution of THF. 
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 It can be observed by comparing the chromatograms reported here to those in the work 
that we have previously reported for similarly studied MOF packed beds that the chromatograms 
for the ZIF-8 packed bed are much broader and slightly asymmetric in many cases.  This 
decreased column performance is most likely the result of 2 factors: decreased flow rate and 
decreased mass transfer (and kinetics of desorption) in the ZIF-8 column.  The decreased flow 
rate is primarily due to the size of the particles supplied by the vendor.  The reported particle size 
is 4.9 µm which is roughly half of the typical size of MOF particles used in the previous work.  
The increased pressure drop through the column made it difficult to achieve higher flow rates, 
and (as can be seen in Appendix C), the number of theoretical plates is rapidly increasing with 
flow rate for the range of flows studied here.  In other words, the pressure drop was too large to 
operate the column under optimal conditions.  The effect of decreased mass transfer and retarded 
desorption kinetics is most likely a result of the much smaller pore sizes in the ZIF-8 material.  
The family of MOFs which were previously studied are all structural analogues to IRMOF-1 and 
have framework openings on the order of 7.5 Å [20].  In comparison, ZIF-8 has much smaller 
pores that are close to the kinetic diameter of many of the gases studied (pore aperture diameter 
of 3.4 Å) [29]. 
The concentration-independence of peak positions and symmetric peak shapes were 
observed for a wide range of studied adsorbates.  Most notably compounds with substantial 
hydrogen bond basicity (such as ketones, diethyl ether, ethyl acetate) fit into this category unlike 
when they were studied on the IRMOF-1 type MOFs.  This is most likely a result in the 
significant chemical and structural differences of the ZIF-8 and IRMOF-1 MOFs and the absence 
of any Brønsted or Lewis acid sites in the ZIF structure [29, 35].  As an example of the 
chromatograms for these compounds, those obtained for ethyl acetate, MEK, and acetone eluting 
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through the column of ZIF-8 are plotted in Figure 7.1b.  Additionally, chromatograms for THF 
are shown in Figure 7.1c at various temperatures further demonstrating the ideal behavior of 
these types of adsorbates.  It can be seen that the peak position is independent upon the amount 
injected and that the peaks are not severely asymmetric. 
Ideal chromatograms were not obtained for all compounds however.  As shown in Figure 
7.2a, injections of ethylene consistently resulted in the elution of 2 distinct peaks.  It appears that 
this result is not from a contaminant in the gas cylinder or delivery system, but a real 
phenomenon of adsorption on ZIF-8.  For analysis purposes in this work, the retention time for 
the first (quickest eluting) peak is used. 
Figure 7.2b demonstrates the chromatograms obtained for toluene at a range of 
temperatures.  It can be seen that the elution of toluene occurs very quickly with minimal 
retention and broad tailing.  The position of the peak maxima does not change with temperature 
as would be expected although the amount of tailing can be seen to decrease somewhat at higher 
temperatures.  This behavior is representative of all aromatic compounds studied as well as 
cyclopentane and cyclohexane.  The data for these compounds demonstrates the size-exclusion 
of these larger cyclic compounds due to the restricted size of the pore aperture.  The tailing 
effects observed are most likely an artifact of impeded mass transfer through the packed bed. 
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Figure 7.2: The above plots are representative chromatograms on ZIF-8 for compounds without 
straight forward retention data.  Plot a) shows examples of the 2 peaks detected for ethylene 
(retention data for the first peak was used in calculations), plot b) shows the quick elution and 
broad tailing peaks for toluene, and plot c) shows the rapid elution of isopentane (no significant 
retention) compared to n-pentane. 
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In addition, branched alkanes (except for isobutene) were also excluded from entering the 
pores of the ZIF material as can be seen in Figure 7.2c for 2-methylbutane.  In this plot, 
methylbutane can be seen to elute very quickly with practically zero retention as opposed to 
pentane which showed measurable retention and symmetrical peaks.  Similar results were 
obtained for 2-methylheptane as well as the halogenated compounds: carbon tetrachloride, 1,1,1-
trichloroethane, tetrachloroethylene.  The kinetic diameter of branched alkanes exceeds the small 
pore aperature size as does the diameter of the compounds with several bulky chlorine atoms.  
As discussed in the work of Eder et al. [45], the cutoff for exclusion of monbranched alkanes is 
around 0.5 nm.  Alcohols and amines (methanol, ethanol, isopropanol, n-propanol, tert-butanol, 
1-hexanol, 1-heptanol, triethylamine, and propylamine) were also investigated but are not 
included due to the absence of any detectable elution peaks. 
  
Figure 7.3: The figure above shows the flow rate independence of the corrected specific retention 
volume for 3 representative adsorbates on ZIF-8 at the temperatures shown.  Propylene and n-
hexane showed very little variation in the measured retention.  The variance in the retention of n-
octane is most likely the result of uncertainty in the retention times and flow rates. 
The effect of flow rate upon the corrected retention volumes calculated (see Chapter 3 for 
equations) using the measured retention time, column temperature, James-Martin 
“compressibility correction factor”, and the measured flow rate is demonstrated in Figure 7.3 for 
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various adsorbates.  It can be seen from Figure 7.3 that the corrected specific retention volume 
for propylene at 50°C and n-hexane at 230°C are virtually independent of flow rate.  This 
indicates that the columns are operating in a mode where mass transfer concerns do not impact 
elution time, and it implies that the values obtained for the corrected retention volumes (and all 
subsequently calculated values) are indicative of equilibrium behavior.  Data for n-octane shows 
some minor variation with flow rate, but the trend is opposite of what would be expected if 
controlled by slow diffusion [46] and is most likely a result of uncertainty in peak maximum 
positions due to the poor column performance.  For subsequent trials, the column was operated at 
the highest inlet pressure studied to allow for maximum column efficiency. 
 The corrected retention volumes (as discussed above and in Chapter 3), for the ZIF-8 
packed column are shown in Table 7.1 at all the temperatures measured.  The corresponding 
Henry constants are provided in the Appendix C.  One thing to notice in Table 7.1 is the 
relatively small values of the retention volume on ZIF-8 at the temperatures studied.  Many 
compounds (ethane, acetaldehyde, dichloromethane, and acetone) have very small retention 
volumes which are often greater than the corrected specific dead volume (0.018 L/g).  For these 
compounds, there is greater uncertainty in the values measured and they are shown in Table 7.1 
in a bold font. 
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Table 7.1: The corrected retention volumes (L/g) listed above are all of those measured for 
different adsorbates through the ZIF-8 packed column at the temperatures listed. 
 
 It can also be seen in Table 7.1 that the measured retention volumes (and therefore Henry 
constant) is 3-4 times higher for ethylene than on ethane and 3-5 times higher for propylene than 
on propane.  In a similar manner, injections of 1-pentene did not show a detected elution peak.  
This indicates an enhancement in the adsorbent-adsorbate interactions due to the presence of the 
pi-electrons present in the double bond of the alkenes.  This is an opposite trend to that seen in 
previous work on IRMOF-1 and analogous materials.  Also of note is that the retention volume 
of n-butane is 5-6 times higher than that measured for isobutane.  As previously discussed, 
branched alkanes do not appear to be able to diffuse into the ZIF-8 material and the values for 
isobutane are so low that they are of questionable value.  Isobutane is not as assymetrric and 
severely tailing as the other branched alkanes studied (isopentane and isooctane), but its retention 
on ZIF-8 is minimal. 
Corrected Retention 
Volumes (L/g) Temperature (°C)
Adsorbed species 40 50 60 70 80 180 190 200 210 220 230 240 250 260 270
ethane 0.011 0.008 0.006 0.005
ethylene 0.042 0.026 0.020 0.016 0.014
propane 0.053 0.039 0.031 0.026 0.022
propylene 0.275 0.170 0.123 0.093 0.073
n-butane 0.238 0.147 0.107 0.081 0.064
isobutane 0.089 0.082 0.047 0.042 0.026
n-pentane 0.111 0.092 0.077 0.066 0.056 0.048 0.041 0.036 0.031 0.027
n-hexane 0.292 0.234 0.190 0.157 0.129 0.109 0.091 0.077 0.066 0.056
n-heptane 0.731 0.571 0.450 0.360 0.289 0.238 0.194 0.161 0.133 0.111
n-octane 0.483 0.381 0.313 0.251 0.204
n-nonane 0.921 0.713 0.564 0.450 0.361
diethylether 0.086 0.070 0.058 0.050 0.042 0.036 0.031 0.027 0.023 0.020
ethylacetate 0.230 0.166 0.126 0.099 0.079 0.068 0.055 0.045 0.038 0.032
1,2-dichloroethylene 0.062 0.053 0.045 0.039 0.033 0.029 0.025 0.022 0.019 0.017
acetone 0.086 0.062 0.047 0.038 0.030 0.026 0.021 0.018 0.015 0.013
MEK 0.178 0.130 0.099 0.079 0.064 0.055 0.044 0.037 0.032 0.027
trichloroethylene 0.156 0.128 0.107 0.091 0.075 0.064 0.054 0.047 0.040 0.035
acetaldehyde 0.021 0.017 0.014 0.012 0.010 0.009 0.008 0.007 0.006 0.005
bromoform 0.455 0.346 0.276 0.230 0.191
THF 0.054 0.042 0.034 0.028 0.024
dichloromethane 0.037 0.032 0.028 0.024 0.021 0.018 0.015 0.013 0.012 0.010
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Figure 7.4: The figure above shows representative van’t Hoff plots for the adsorbates measured 
on the ZIF-8 packed column..  The sorbates shown on plot a) are for the n-alkanes labeled on the 
plot.  The adsorbates on plot b) are: ethane (solid diamonds), ethylene (squares), propane 
(triangles), propylene(x’s), isobutene (circles), and n-butane (empty diamonds).  The adsorbates 
in plot c) are: diethyl ether (solid diamonds), ethyl acetate (squares), acetone (triangles), MEK 
(x’s) and 1,2-dichloroethylene (empty diamonds). 
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The temperature dependence of the Henry constants (therefore the retention volumes) can 
be explored to derive values for the differential enthalpy of adsorption, ∆H, via the van’t Hoff 
relationship.  Representative van’t Hoff plots for adsorption on ZIF-8 are shown in Figure 7.4 for 
a) a series of n-alkanes, b) the lighter gaseous compounds, and c) the hydrogen bond base 
compounds.  It can be seen that an exponential relationship exists between the measured 
corrected retention volumes and the inverse absolute temperature.  Linearity similar to that seen 
in Figure 7.4 was observed for all compounds studied.  The range and intervals used for the van’t 
Hoff plots needs to be small enough to maintain sufficient linearity and avoid curvature in the 
isosteres and additional uncertainties in the calculated slopes.  However, there is not a significant 
amount of linearity in the isosteres of ZIF-8 as compared to the previously studied MOFs.  For 
those compounds with a wide range of temperatures studied, only a 1-2 kJ/mole difference is 
calculated by using a narrow range versus the entire range.  This difference has been greater than 
10 kJ/mole on some of the other MOFs studied previously.  The compounds with the most 
visible curvature in Figure 7.4 are MEK and acetone.  The linearity of these van’t Hoff isosteres 
indicates heats of adsorption that are temperature-independent for adsorption on ZIF-8.  The 
values used for the enthalpy determination are given in the Appendix C along with the data 
points used and the quality of fit. 
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Table 7.2: The calculated thermodynamic values for adsorption on the ZIF-8 sample are listed 
along with the heat of vaporization at 25° C for reference.  Heats of adsorption are calculated 
from the van’t Hoff relationship and are listed in kJ/mole.  Free energies in kJ/mole and 
entropies are in J/mol/K are also listed.  The slopes of the thermodynamic values with respect to 
the n-alkane carbon number are listed at the bottom. 
 
Table 7.2 gives the calculated values for ∆H as well as those for the free energy, ∆G, and 
entropy, ∆S, of adsorption at the temperature listed.  The calculation of these values is discussed 
in Chapter 3.  The temperature listed is the mean value of the data points used in the linear fit 
used for calculating ∆H.  The enthalpy of vaporization at 25° C is also included in Table 7.2 to 
allow for comparison [47].  The bottom of Table 7.2 gives the slope of a line plotted for the 
thermodynamic values versus n-alkane chain length for the pentane to nonane series.  Values for 
∆G were calculated at every temperature for each adsorbate and a full table of these values is 
included in Appendix C. 
∆H vap (25°C) Temperature ∆H ads ∆G ads ∆S
(kJ/mole) (°C) (kJ/mole) (kJ/mole) (J/(mol×K))
ethane 5.16 60 23.85 0.54 69.97
ethylene NA 60 25.32 3.74 64.77
propane 14.79 60 20.46 4.95 46.54
propylene 14.24 60 30.02 8.76 63.79
n-butane 21.02 60 29.75 8.38 64.15
isobutane 19.23 60 28.64 6.14 67.54
n-pentane 26.43 250 32.74 8.38 46.57
n-hexane 31.56 250 37.59 11.75 49.41
n-heptane 36.57 250 42.93 14.93 53.51
n-octane 41.49 250 48.54 17.84 58.69
n-nonane 46.55 250 52.98 20.39 62.28
diethylether 27.1 250 32.62 7.13 48.73
Ethyl acetate 35.6 250 42.43 9.43 63.09
1,2-dichloroethylene NA 250 30.58 6.28 46.44
acetone 30.99 250 39.13 5.43 64.43
MEK 34.79 250 39.08 8.60 58.28
trichloroethylene 34.54 250 34.40 9.56 47.48
acetaldehyde 25.47 250 34.03 1.17 62.82
bromoform 46.06 250 48.77 17.29 60.19
THF 31.99 250 45.45 8.22 71.17
dichloromethane 28.82 250 30.50 4.14 50.39
slope of thermo value for n-alkanes at 250° C 5.14 3.01 4.07
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 In Table 7.2, the enthalpies of adsorption measured for the n-alkanes at 250°C on ZIF-8 
are slightly greater (5-7 kJ/mole) than the enthalpies of vaporization listed for 25°C, indicating 
the enhanced interaction between the MOF surface and the nonpolar compounds.  The lighter 
gaseous compounds, which were measured at 60°C, showed greater enhancement over the heat 
of vaporization.  This is an effect of the temperature probed and access to stronger binding sites 
for these compounds.  Enhancement for ethylene over ethane and propylene over propane can 
also be seen in the enthalpy values calculated as was discussed previously for the equilibrium 
properties.  The heat of adsorption for propylene was found to be nearly 10 kJ/mole higher than 
that of propane.  Most other compounds measured also are close to the enthalpy of vaporization 
with the most notable exception being THF (around 13 kJ/mole enhancenment). 
The enthalpy values for the adsorption of n-alkanes on ZIF-8 are very similar to those 
measured on Banasorb MOFs and reported previously.  The enthalpy values calculated are 
significantly reduced from those calculated for IRMOF-1.  The values of enthalpy for adsorption 
of the other compounds (most notably the hydrogen bond bases) are all much lower on ZIF-8 
than on the IRMOF-1 and Banasorb 22 samples which showed very large specific heats of 
adsorption for these compounds.  Values of enthalpy for ZIF-8 are very similar to those for 
Banasorb 30 which also possesses a methyl-functionality.  The interaction of adsorbates with 
ZIF-8 and Banasorb 30 appear to be of lower energy and predominately dispersive in nature. 
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Figure 7.5: The figure above shows the effects of n-alkane chain length upon the 
thermodynamics of adsorption on ZIF-8.  The Enthalpy (∆H) and Free Energy (∆G) are given in 
kJ/mole and the Entropy (∆S) is in J/mole/K. 
 
The effects of chain length upon enthalpy, entropy, and free energy are plotted for a 
series of n-alkanes in Figure 7.5.  The enthalpy and free energy associated with the adsorption of 
an additional methylene, ∆HCH2 and ∆GCH2 respectively, can be obtained from the slope of a line 
fit to the data in Figure 7.5 and these values are summarized at the bottom of Table 7.2 along 
with the entropy value.  The linearity of the thermodynamic values for n-alkanes is due to the 
additive nature of dispersive interactions and is commonly shown in experimental and 
computational research.  The slope of the linear relationships calculated for ZIF-8 are 
significantly reduced from values for IRMOF-1 which were previously reported (slopes of ∆H 
around 9 kJ/mole, ∆G around 4 kJ/mole, and ∆S around 11 J/mole/K) again indicating a less 
energetic surface.  The impact of each upon the thermodynamics of adsorption for each 
additional methylene group is less for ZIF-8 than for IRMOF-1.   
The value for ∆GCH2 calculated in Table 7.2 for the n-alkanes is commonly used through 
the Dorris and Gray method [48-52] to estimate the dispersive component of the surface energy, 
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γs
D
 (see Chapter 3 for equations and theory) which are listed in Table 7.3.  The value of γsD is an 
important term for the evaluation of the acitivity of a solid surface and is related to the London 
interactions and the heterogeneity and defects of a surface.  The values for γsD (between 45-55 
mJ/m2) calculated for the ZIF-8 sample here are relatively low compared to other microporous 
materials such as activated carbons and zeolites which often have values of γsD reported in the 
range of 200 -500 mJ/m2.  The temperature effect upon values of γsD shown here is typical and 
the values reported here are higher than those measured for the Banasorb MOFs but lower than 
those for IRMOF-1.  The reduced values for γsD demonstrate the relatively inactive surface of the 
ZIF-8 as compared to IRMOF-1 resulting from significantly altered chemistries of the pores and 
the primarily organic nature of the surface as compared to the zeolite analogues of ZIF-8. 
Table 7.3: The values of the dispersive component of surface energy, γSD(mJ/m2), are listed at 
each temperature as calculated for ZIF-8 through the method of Dorris and Gray [49, 52, 56-57].  
Also included are the values used in the calculation. 
 
 There are several methodologies used in an attempt to separate the dispersive interactions 
from the specific to allow for greater understanding of observed adsorption phenomena.  One of 
the methods commonly employed is to plot the calculated free energy of adsorption (or the 
retention volume) versus the vapor pressure of the analyte [38].  In this method, the dispersive 
Temperature
(°C)
γCH2 alkanes
(mJ/m2) ΔGCH2 (kJ/mole) γsD (mJ/m2) used for f it
180 42.15 3.56 57.46 c5-c7
190 41.57 3.50 56.55 c5-c7
200 40.99 3.46 56.11 c5-c7
210 40.41 3.41 55.18 c5-c7
220 39.83 3.38 54.88 c5-c7
230 39.25 3.09 46.55 c5-c9
240 38.67 3.05 46.01 c5-c9
250 38.09 3.01 45.64 c5-c9
260 37.51 2.97 45.02 c5-c9
270 36.93 2.92 44.33 c5-c9
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component of the adsorption is represented by a plot of the series of nonpolar n-alkane probes.  
By looking at the offset of the values for other probe molecules from a line fit through the 
alkanes, the specific component of free energy can be determined. 
 
Figure 7.6: This figure shows the correlation of the measured free energies of adsorption at 
250°C on the ZIF-8 packed column to molecular properties.  Plot a) shows the fit to logarithm of 
vapor pressure and plot b) shows the fit to deformation polarizability). Solid markers represent 
the series of n-alkanes (with the nonpolar component fit linearly) and the empty markers 
representing other measured analytes.  Vapor pressures are calculated at 250°C by the Lee-
Kesler method. 
This method has been applied successfully for some simple materials, but as can be seen 
in Figure 7.6a, it does not apply well to the ZIF-8 sample studied here.  In these figures, the 
value of the vapor pressure was calculated at the given temperature using the Lee-Kesler method 
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[53] along with the value of the critical parameters [47, 54].  Values used for this calculation are 
given in the Appendix C.  The problem seen in Figure 7.6a is that all of the points lie below the 
nonpolar alkane line and the resulting values for the specific component of ∆G would be 
positive, a value which makes no physical sense. 
From the observation that most of the data points lie below this line, it can be stated that 
the forces governing the analyte-analyte interactions (determining the vapor pressure) are very 
different from those governing the analyte-adsorbent interactions.  This is not surprising 
considering that the measurements reported here are in the Henry’s region of adsorption at which 
the analyte-analyte interactions are negligible and only the interactions between the analyte and 
the strongest active site are probed.  In addition, these plots indicate that there does not appear to 
be any correlation relating the intermolecular forces governing the vapor-liquid equilibrium with 
those controlling the infinite dilution adsorption. 
 The failure of such models in identifying the specific component of adsorbate-adsorbent 
interactions is not unprecedented and has led to the development of the usage of alternative 
molecular properties.  One of the more successful properties used in place of vapor pressure is 
the deformation polarizability as shown if Figure 7.6b [39, 41-42, 55].  This term is directly 
derived from the fundamental London equation and the application of this term to such a system 
is in effect probing the relationship of measured retention to the molecule’s fundamental 
electronic dispersive ability.  Molecular polarizabilities can be obtained from literature [47] and 
the characteristic electronic frequency can be calculated as discussed in Chapter 3.  The values of 
both polarizability and frequency used in Figure 7.6b are given in Appendix C. 
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 From Figure 7.6b, it can be seen that the deformation polarizability does a much better 
job of giving negative values for the change in free energy.  In fact, there are no data points 
which lie below the n-alkane “nonpolar” line.  In general, many of the points lie very close to the 
nonpolar line fit through the n-alkanes implicating the interaction of these compounds is due 
primarily to dispersion effects.  This could be explained by the fact that dispersive interactions 
are typically more important at elevated temperatures than are specific interactions. 
Table 7.4: The specific component of the free energy of adsorption (kJ/mole) for ZIF-8 are listed 
as calculated using the data plotted in Figure 6b at 250°C.  The dispersive free energy is 
calculated using the linear fit to the n-alkane series and the specific component is the offset 
above the nonpolar reference line. 
 
The success of plotting the calculated free energy of adsorption versus deformation 
polarizability allows the specific component of the free energy of adsorption, ∆GSp, by 
measuring the offset above the nonpolar, n-alkane line.  The values of the total, dispersive, and 
specific components of the free energy of adsorption are all given in Table 7.4 as well as the 
percentage of the interaction related to specific forces.  It can be seen that for n-alkanes, the 
quality of fit for the nonpolar component keeps the percentage of specific forces within 3%.  In 
∆Gtotal ∆Gdispersive ∆Gspecific
% specif ic
Dipole
Moment (D)(kJ/mole) (kJ/mole) (kJ/mole)
n-pentane 8.38 8.52 -0.14 -1.65
n-hexane 11.75 11.75 0.00 -0.03
n-heptane 14.93 14.54 0.40 2.67
n-octane 17.84 18.13 -0.29 -1.64
n-nonane 20.39 20.36 0.04 0.18
diethylether 7.13 6.30 0.83 11.60 1.098
ethylacetate 9.43 6.10 3.32 35.25 1.78
1,2-dichloroethylene 6.28 5.03 1.25 19.87 0.00
acetone 5.43 1.84 3.59 66.17 2.88
MEK 8.60 5.22 3.38 39.33 2.779
trichloroethylene 9.56 8.59 0.97 10.16 0.8
acetaldehyde 1.17 -1.67 2.84 242.79 2.75
bromoform 17.29 11.58 5.70 32.99 4.75
dichloromethane 4.14 2.13 2.01 48.62 8.75
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comparison, all of the other compounds studied interact with ZIF-8 with greater than 10% of the 
interaction being related to specific forces.  Acetaldehyde gives a particularly large component of 
free energy of adsorption (greater than 200%), but some care should be taken in this particular 
data point as the retention (as previously mentioned) is particularly low for this compound and at 
this temperature and there is greater uncertainty in the value for acetaldehyde as compared to the 
others.  However, as discussed next, the dipole moment of acetaldehyde may describe this trend. 
 
Figure 7.7: The linear relationship between the specific component of the free energy of 
adsorption at 250°C for ZIF-8 and the dipole moment of the adsorbate is shown along with 2 
outliers. 
Additionally, the value of the specific component of free energy seems to correlate very 
well to the dipole moment as shown in Figure 7.7.  The two exceptions to this trend are the 
overestimation of the specific component for dichloromethane and the existence of a specific 
component for 1,2-dichloroethylene.  Dichloromethane, much like acetaldehyde, has very little 
retention at 250°C and there is some uncertainty as to the accuracy of this value.  As discussed 
before and here used in explanation of the specific component of 1,2-dichloroethylene, there is 
an apparent enhancement in the adsorbent/adsorbate interaction due to the presence of the double 
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bond pi electrons.  The 1.25 kJ/mole specific component of the free energy of adsorption for 1,2-
dichloroethylene could very well be a result of this type of pi electron interaction. 
7.4 Conclusions 
 This work has expanded the application of an IGC method utilizing micro-packed 
capillaries to the study of VOC adsorption in a zeolitic imidazolate framework, ZIF-8.  
Equilibrium and thermodynamic values of adsorption are reported for a range of organic 
compounds into a commercially available sample of ZIF-8 in attempts to explore trends in the 
interaction of adsorbed compound with the framework. 
As was the case for IRMOF-1 and similar MOFs, it was observed that the corrected 
retention volumes calculated in these MOFs were independent of flow rate suggesting the 
observed behavior was truly representative of equilibrium behavior for the compounds studied.  
This was not an obvious observation considering the greatly reduced pore sizes which approach 
the kinetic diameter of the compounds studied.  Despite slower flow rates and lower column 
efficiency than on previous MOF samples, chromatography data was sufficient to determine a 
significant molecular sieving effect at temperatures and conditions relevant to many industrial 
applications.  Specifically, it was seen that aromatic compounds, branched alkanes, and heavily 
halogenated compounds elute very quickly with little retention and tailing peaks indicating the 
inability of these compounds to enter the narrow apertures of the framework crystal. 
The relative importance of specific interactions upon gas phase adsorption was also 
investigated.  As was observed previously with other MOFs studied, the effects of hydrogen-
bond interactions appear significant in the adsorption of vapors on ZIF-8.  In a manner familiar 
to the other MOFs, the adsorption of alcohols and amines appears to be too strong even at 
elevated temperatures to allow for the detected elution of these compounds.  Unlike in the other 
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MOF samples, the adsorption of hydrogen-bond bases appears to behave in a much more ideal 
manner with narrow symmetric peaks being detected similarly to nonpolar species.  The enthalpy 
of adsorption as well as the equilibrium of these compounds is significantly reduced from what is 
calculated in IRMOF-1.  This is perhaps a result of the severely hydrophobic nature of ZIF-8 as 
well as the absence of any Brønsted or Lewis acid sites in the ZIF structure [29, 35]. 
Interestingly, the presence of pi electrons in alkenes studied show a significant 
enhancement of the interaction between an adsorbed gas/vapor and the ZIF-8 framework.  The 
equilibrium of uptake for ethylene and propylene as well as the heats of adsorption show a 
considerable increase over their respective alkane compound.  At temperatures between 40°C 
and 80°C, the equilibrium constants at zero coverage for the alkenes mentioned are 3-5 times 
higher than the alkane species.  Propylene showed a rather large increase (nearly 10 kJ/mole) 
above the heat of adsorption over propane.  This type of behavior is contrary to what we have 
seen for other types of MOFs. 
It was noted that the differential enthalpies, free energies, and entropies measured vary 
linearly with the increase in chain length for a series of n-alkanes.  The dispersive component of 
the surface energy was calculated for n-alkane adsorption on ZIF-8 at a series of temperatures.  It 
was observed that the value of the dispersive component of the surface energy as well as the 
thermodynamic values of adsorption are all reduced from that which was seen for IRMOF-1.  
This indicates that the significantly different geometric and chemical nature of the ZIF-8 
framework in comparison to IRMOF-1 has a surface of reduced activity which is most likely due 
to the highly organic and hydrophobic nature of the pores.  The values of the enthalpy of 
adsorption in ZIF-8 appear to be much less temperature dependant for the adsorbates 
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investigated and the values of enthalpy appear to be similar to those measured on Banasorb 30 (a 
methyl-substituted IRMOF-1) at 150°C. 
As was done with previous MOF samples, attempts were made to utilize the vapor 
pressure and deformation polarizability to isolate the effects of specific interactions.  As in the 
previous cases, the correlation using the vapor pressure was found to be completely inadequate 
to explain the adsorption mechanism.  However, deformation polarizability was found to give 
satisfactory results for isolating specific components of adsorption upon ZIF-8.  By calculating 
the offset from the nonpolar line of the series of n-alkanes, the specific component was found to 
be typically between 10% and 70% of the total free energy of adsorption at 250°C.  The major 
exception was acetaldehyde for which the data collected suggests specific interaction which 
dominates the interaction due to the very small dispersive terms.  The dipole moment of the 
adsorbate was found to correlate strongly to the specific component of the free energy of 
adsorption indicating that dipolarity is the significant mechanism for enhanced interaction on 
ZIF-8 for the sorbates studied at 250°C. 
It can be summarized from this work that for the adsorption of gases and vapors onto 
ZIF-8 there are several important factors.  The material seems to possess low surface energy 
compared to other microporous materials and many of the adsorption interactions are primarily a 
result of this minor dispersive effect.  In addition, the narrow pore aperture size appears to create 
a molecular sieving effect that is seen for aromatics, branched alkanes, and heavily halogenated 
compounds.  One major exception to the observed adsorption mechanisms that are dominated by 
dispersive forces appears to be hydrogen bond acidity although hydrogen bond basicity does that 
seem to be a dominant factor.  Enhancements in interactions are observed for compounds like 
alkenes with double-bond pi electrons for the adsorption at temperatures closer to ambient.  At 
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the higher temperatures at which most other compounds were studied, the dipole moment 
correlates very well with the specific component of the free energy of adsorption.   
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Chapter 8 Conclusions and Recommendations 
 The primary focus of this work has been to explore the adsorption of VOCs in MOFs in 
order to determine the applicability of these nanomaterials for applications such as gas sampling 
(preconcentration) and purification.  Traditional microporous materials (e.g. zeolites, activated 
carbons, porous polymers) have significant limitations in these applications related to issues such 
as interference with humidity, chemical and thermal stability, and difficult desorption or 
regeneration conditions.  A vast library of MOFs have been developed, many of which have 
properties such as extremely high porosity and stability which are highly desirable for adsorbents 
in any applications, including those being discussed.  In addition, the designability of MOFs and 
the crystalline nature of these materials offer a unique opportunity for the tailoring of the 
geometric and chemical nature of the adsorbent surface. 
 Initial experiments performed using zero-length column (ZLC) and temperature-
programmed desorption (TPD) methodologies were found to be insufficient for measurements of 
VOC adsorption in MOFs.  Traditional inverse gas chromatography (IGC) techniques were 
found to be much better suited for the accurate and rapid study of the adsorption of a wide-range 
of organic compounds on MOFs.  In general, the retention volumes of the studied analytes were 
found to be independent of the carrier gas flow rate and the retention time was independent of 
the amount of probe molecule injected.  These observations demonstrate the observed behavior is 
in the linear region of the adsorption isotherm and that the data obtained is truly representative of 
equilibrium behavior.  Using IGC, values for the equilibrium constants and thermodynamics of 
adsorption can be easily calculated. 
 Using IGC methods, the adsorption of a wide array of organic compounds was studied 
for 4 different MOF materials.  Adsorption in one of the most widely studied MOFs, IRMOF-1, 
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was investigated as was the adsorption in 2 novel structural analogues.  In addition, the 
adsorption properties of a commercially available MOF, ZIF-8, were investigated.  Many trends 
in the adsorption behavior of VOCs in the MOFs were observed along with studied, namely: 
• Heats of adsorption and the dispersive surface energies for VOCs on MOFs are lower 
than those on other common adsorbents such as zeolites and activated carbons. 
• Equilibrium (Henry) constants were found to vary among different samples of the same 
MOF and did not correlate directly to the measured surface area. 
• Heats of adsorption were fund to be very similar for the adsorption of a given compound 
on a particular type of MOF despite significant differences in surface area. 
• The addition of trifluoromethoxy- and methyl-functional groups to the MOF structure 
significantly reduces the equilibrium constants and heats of adsorption for most analytes. 
• ZIF-8 shows enhanced adsorption of alkenes over alkanes and molecular-sieving effects 
are during the adsorption of branched alkanes and aromatic compounds. 
• Mechanisms of adsorption appear to be more complex than previously believed. 
o Hydrogen-bonding effects are a dominating factor in the interactions between and 
adsorbed molecule and the MOF surface. 
o Alcohols and amines at low coverage adsorb very strongly on all of the MOFs 
that were studied. 
o The adsorption properties of hydrogen-bond bases (e.g. ketones and ether) are 
strongly affected by activation procedures and do not appear to be a factor in the 
adsorption mechanism of ZIF-8. 
o The Abraham LFER shows great potential in capturing the adsorption 
mechanisms of VOCs in MOFs and predicting the retention of adsorbates. 
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There is a very large amount of future work that could be performed in this area including 
the expansion of these experimental and analytical methods to more MOFs and a wider data set 
of adsorbates.  The inclusion of computational and simulations to help explain many of the 
observed trends in adsorption would be of great aid to this research.  In addition, the insight in 
adsorption mechanisms contributed by experiment would greatly help in expanding the 
computational method used for the screening and design of MOFs for custom applications. 
Primary limitations in the current MOFs available are primarily related to the stability of 
many common MOFs (such as IRMOF-1) and the variability in properties.  It would be well 
advised for future work to focus on MOFs with greater stability due to the allure of more 
repeatability and wider potential applications.  In addition to the inclusion of computational 
research, complimentary experimental methods would be of great assistance to the improved 
understanding of VOC adsorption.  Specifically, measures for the capacity of a MOF for a given 
VOC and the ability to handle gas sampling of complex mixtures would be of primary importanc
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Appendix A. Additional Data for IGC Characterization of IRMOF-1 
Table A. 1: All of the values for the corrected specific retention volumes (L/g) measured for 
assorted adsorbates on IRMOF-1 sample 1 are provided. 
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Table A. 2: All of the values for the corrected specific retention volumes (L/g) measured for 
assorted adsorbates on IRMOF-1 sample 2 are provided. 
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6
1.
23
5
0.
90
5
p-
x
yl
e
n
e
7.
65
2
3.
41
1
1.
66
6
0.
86
7
0.
47
9
0.
36
5
0.
28
2
1,
2,
4-
tr
im
e
th
yl
be
n
ze
n
e
11
.
50
0
5.
05
9
2.
39
2
1.
21
1
0.
88
1
0.
65
2
0.
49
0
1-
pe
n
te
n
e
5.
85
3
2.
41
6
1.
11
2
0.
59
4
0.
30
3
0.
17
6
0.
12
0
0.
08
1
0.
05
7
1,
2-
di
ch
lo
ro
be
n
z
e
n
e
14
.
45
2
6.
38
0
3.
06
8
1.
57
8
0.
86
2
0.
65
0
0.
49
6
0.
38
6
br
o
m
o
be
n
ze
n
e
13
.
37
0
6.
02
8
2.
83
4
1.
45
3
0.
79
9
0.
46
5
ch
lo
ro
fo
rm
8.
31
6
3.
37
5
1.
52
3
0.
73
9
0.
39
8
0.
23
2
0.
15
5
0.
10
2
0.
07
2
ca
rb
o
n
te
tr
a
ch
lo
rid
e
5.
17
2
2.
32
0
1.
11
1
0.
58
2
0.
32
9
0.
20
8
0.
13
2
0.
09
0
di
e
th
yl
e
th
e
r
12
.
73
7
4.
49
4
1.
50
2
0.
55
3
0.
19
1
0.
13
1
e
th
yl
a
ce
ta
te
10
.
84
9
3.
86
7
1.
59
2
0.
67
9
0.
32
2
1,
2-
di
ch
lo
ro
e
th
yl
e
n
e
8.
36
7
3.
23
7
1.
44
1
0.
71
1
0.
38
3
0.
22
0
0.
14
3
0.
06
9
a
ce
to
n
e
8.
20
5
2.
90
5
1.
28
1
0.
45
3
0.
20
5
0.
13
1
M
EK
9.
26
0
3.
04
9
1.
23
6
0.
56
7
0.
29
5
1,
2,
3,
4-
te
tr
a
hy
dr
o
n
a
ph
th
a
le
n
e
7.
89
2
3.
75
3
1.
88
8
1.
36
7
1.
01
9
0.
75
5
tr
ic
hl
o
ro
e
th
yl
e
n
e
5.
16
2
2.
23
2
1.
06
6
0.
55
4
0.
31
4
0.
19
1
bu
ty
lc
yc
lo
he
x
a
n
e
6.
81
4
3.
21
4
2.
21
8
1.
57
1
de
ca
hy
dr
o
n
a
ph
th
a
le
n
e
8.
20
2
3.
89
3
1.
91
3
1.
38
3
1.
00
9
0.
74
1
a
ce
ta
ld
e
hy
de
4.
24
2
2.
38
6
0.
82
9
0.
35
7
0.
18
7
0.
10
1
0.
07
2
n
o
n
a
n
a
l
6.
48
3
2.
87
2
1.
39
9
0.
73
4
0.
53
9
0.
40
0
0.
30
6
br
o
m
o
fo
rm
5.
32
5
2.
47
8
1.
24
3
0.
68
6
0.
25
1
0.
13
8
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Table A. 3: All of the values for the corrected specific retention volumes (L/g) measured for 
assorted adsorbates on IRMOF-1 sample 3 are provided. 
 
Te
m
pe
ra
tu
re
 
( °C
)
14
0
15
0
16
0
17
0
18
0
19
0
20
0
21
0
22
0
23
0
24
0
25
0
26
0
27
0
e
th
a
n
e
pr
o
pa
n
e
n
-
bu
ta
n
e
n
-
pe
n
ta
n
e
0.
03
5
0.
02
6
0.
02
1
0.
01
6
0.
01
3
n
-
he
x
a
n
e
0.
43
2
0.
20
8
0.
10
8
0.
07
9
0.
05
9
0.
04
5
0.
03
4
n
-
he
pt
a
n
e
0.
36
7
0.
25
8
0.
18
4
0.
13
3
0.
09
7
n
-
o
ct
a
n
e
1.
22
6
0.
82
0
0.
56
0
0.
38
7
0.
27
2
n
-
n
o
n
a
n
e
3.
84
7
2.
45
8
1.
59
7
1.
05
7
0.
71
0
n
-
de
ca
n
e
1.
17
1
0.
78
7
0.
53
4
0.
37
0
0.
26
2
n
-
do
de
ca
n
e
e
th
yl
e
n
e
be
n
z
e
n
e
0.
06
4
0.
04
8
0.
03
6
0.
02
8
0.
02
1
to
lu
e
n
e
0.
16
1
0.
11
8
0.
08
8
0.
06
6
0.
05
0
e
th
yl
be
n
z
e
n
e
0.
42
7
0.
30
2
0.
21
8
0.
15
9
0.
11
7
n
-
pr
o
pl
yb
e
n
z
e
n
e
1.
29
3
0.
88
2
0.
61
2
0.
42
9
0.
30
8
n
-
bu
ty
lb
e
n
z
e
n
e
0.
62
6
0.
44
3
0.
31
6
0.
23
0
0.
17
1
p-
x
yl
e
n
e
0.
59
6
0.
41
3
0.
29
2
0.
20
9
0.
15
2
1,
2,
4-
tr
im
e
th
yl
be
n
z
e
n
e
2.
06
4
1.
37
8
0.
92
9
0.
63
7
0.
44
6
0.
22
9
1-
pe
n
te
n
e
0.
02
9
0.
02
3
0.
01
8
0.
01
4
0.
01
1
1,
2-
di
ch
lo
ro
be
n
z
e
n
e
1.
04
6
0.
72
8
0.
51
4
0.
36
8
0.
26
8
br
o
m
o
be
n
z
e
n
e
0.
47
7
0.
34
0
0.
24
6
0.
18
0
0.
13
4
ch
lo
ro
fo
rm
0.
11
9
0.
03
7
0.
02
9
0.
02
3
0.
01
8
0.
01
5
ca
rb
o
n
te
tr
a
ch
lo
rid
e
0.
04
6
0.
03
6
0.
02
8
0.
02
2
0.
01
7
di
e
th
yl
e
th
e
r
0.
03
7
0.
02
9
0.
02
1
0.
01
7
0.
01
3
e
th
yl
a
ce
ta
te
0.
14
7
0.
10
0
0.
07
2
0.
05
1
0.
03
8
1,
2-
di
ch
lo
ro
e
th
yl
e
n
e
0.
04
1
0.
03
1
0.
02
5
0.
02
0
0.
01
5
a
ce
to
n
e
0.
05
1
0.
03
7
0.
02
8
0.
02
1
0.
01
5
M
EK
0.
10
7
0.
07
5
0.
05
4
0.
04
1
0.
02
9
1,
2,
3,
4-
te
tr
a
hy
dr
o
n
a
ph
th
a
le
n
e
0.
48
9
0.
35
3
0.
25
9
0.
19
1
0.
14
5
tr
ic
hl
o
ro
e
th
yl
e
n
e
0.
09
7
0.
07
2
0.
05
4
0.
04
1
0.
03
2
bu
ty
lc
yc
lo
he
x
a
n
e
0.
87
7
0.
61
3
0.
43
1
0.
30
9
0.
22
5
de
ca
hy
dr
o
n
a
ph
th
a
le
n
e
0.
54
0
0.
39
2
0.
28
5
0.
21
1
0.
15
8
a
ce
ta
ld
e
hy
de
n
o
n
a
n
a
l
2.
19
3
1.
47
4
0.
98
8
0.
68
4
0.
48
6
br
o
m
o
fo
rm
0.
19
2
0.
14
0
0.
10
5
0.
08
0
0.
06
1
Py
rid
in
e
3.
42
4
2.
29
5
1.
37
3
1.
03
2
0.
75
2
tr
ie
th
yl
a
m
in
e
0.
21
9
0.
12
7
0.
09
1
0.
05
7
0.
03
0
TH
F
0.
08
2
0.
05
6
0.
04
2
0.
03
2
0.
02
3
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Table A. 4: The table gives the values calculated for the Henry Constants (mol·Pa-1·kg-1) for 
IRMOF-1 sample 1 using Equation 3.5. 
 
Te
m
pe
ra
tu
re
 
( °C
)
sp
e
ci
e
s
50
75
10
0
12
5
15
0
17
5
20
0
22
0
24
0
1,
2,
4-
tri
m
et
hy
lb
en
z
en
e
2.
03
E-
03
7.
12
E-
04
3.
35
E-
04
1.
73
E-
04
1,
2-
di
ch
lo
ro
be
nz
en
e
1.
06
E-
03
4.
13
E-
04
2.
09
E-
04
1.
15
E-
04
1-
pe
nt
en
e
4.
95
E-
03
1.
25
E-
03
3.
92
E-
04
1.
49
E-
04
6.
58
E-
05
3.
35
E-
05
1.
90
E-
05
1.
31
E-
05
9.
45
E-
06
2,
2,
4-
tri
m
et
hy
lp
en
ta
ne
1.
08
E-
03
3.
99
E-
04
1.
67
E-
04
8.
99
E-
05
5.
20
E-
05
2-
m
et
hy
lh
ep
ta
ne
2.
49
E-
03
8.
20
E-
04
3.
11
E-
04
1.
57
E-
04
8.
48
E-
05
be
nz
en
e
1.
64
E-
03
4.
65
E-
04
1.
65
E-
04
7.
07
E-
05
3.
50
E-
05
2.
19
E-
05
1.
47
E-
05
cy
cl
oh
ex
an
e
2.
48
E-
03
7.
39
E-
04
2.
73
E-
04
1.
19
E-
04
5.
88
E-
05
3.
27
E-
05
2.
17
E-
05
1.
50
E-
05
n-
he
pt
an
e
9.
92
E-
04
3.
61
E-
04
1.
51
E-
04
8.
16
E-
05
4.
69
E-
05
n-
he
x
an
e
2.
34
E-
03
7.
14
E-
04
2.
61
E-
04
1.
11
E-
04
5.
38
E-
05
3.
25
E-
05
2.
01
E-
05
n-
pr
op
yl
be
nz
en
e
1.
27
E-
03
4.
73
E-
04
2.
40
E-
04
1.
28
E-
04
n-
oc
ta
ne
1.
18
E-
03
4.
32
E-
04
2.
11
E-
04
1.
10
E-
04
n-
pe
nt
an
e
1.
67
E-
03
5.
00
E-
04
1.
84
E-
04
7.
90
E-
05
3.
91
E-
05
2.
19
E-
05
1.
49
E-
05
1.
04
E-
05
to
lu
en
e
1.
23
E-
03
4.
15
E-
04
1.
68
E-
04
7.
73
E-
05
4.
55
E-
05
2.
84
E-
05
is
op
en
ta
ne
3.
07
E-
03
8.
22
E-
04
2.
77
E-
04
1.
12
E-
04
5.
28
E-
05
2.
85
E-
05
1.
70
E-
05
1.
19
E-
05
8.
73
E-
06
ch
lo
ro
fo
rm
1.
85
E-
03
5.
44
E-
04
1.
96
E-
04
8.
38
E-
05
4.
15
E-
05
2.
31
E-
05
1.
55
E-
05
1.
10
E-
05
cu
m
en
e
2.
43
E-
03
8.
42
E-
04
3.
33
E-
04
1.
71
E-
04
9.
44
E-
05
te
tra
ch
lo
ro
et
hy
le
ne
3.
16
E-
03
8.
33
E-
04
2.
72
E-
04
1.
11
E-
04
6.
05
E-
05
3.
56
E-
05
br
om
ob
en
z
en
e
1.
28
E-
03
4.
69
E-
04
2.
00
E-
04
1.
10
E-
04
6.
41
E-
05
n-
de
ca
ne
3.
15
E-
03
1.
27
E-
03
5.
46
E-
04
et
hy
lb
en
z
en
e
1.
17
E-
03
4.
31
E-
04
1.
79
E-
04
9.
77
E-
05
5.
70
E-
05
n-
no
na
ne
1.
18
E-
03
5.
21
E-
04
2.
45
E-
04
n-
bu
ty
lb
en
z
en
e
1.
46
E-
03
6.
64
E-
04
3.
22
E-
04
p-
x
yl
en
e
1.
71
E-
03
5.
88
E-
04
2.
32
E-
04
1.
21
E-
04
6.
78
E-
05
o-
x
yl
en
e
1.
59
E-
03
5.
62
E-
04
2.
26
E-
04
1.
21
E-
04
6.
82
E-
05
m
-
x
yl
en
e
1.
50
E-
03
5.
50
E-
04
2.
19
E-
04
1.
16
E-
04
6.
57
E-
05
ca
rb
on
 
te
tra
ch
lo
rid
e
2.
73
E-
04
1.
14
E-
04
5.
44
E-
05
2.
94
E-
05
1.
94
E-
05
1.
34
E-
05
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Table A. 5: The table gives the values calculated for the Henry Constants (mol·Pa-1·kg-1) for 
IRMOF-1 sample 2 using Equation 3.5. 
  
He
n
ry
's
 
co
n
st
a
n
ts
 
(m
o
l/k
g/
Pa
)
Te
m
pe
ra
tu
re
 
(°C
)
40
60
80
10
0
12
0
14
0
16
0
18
0
20
0
22
0
24
0
25
0
26
0
27
0
e
th
a
n
e
9.
07
E-
05
4.
45
E-
05
2.
66
E-
05
1.
75
E-
05
pr
o
pa
n
e
6.
67
E-
04
2.
64
E-
04
1.
15
E-
04
5.
86
E-
05
n
-
bu
ta
n
e
4.
50
E-
03
1.
48
E-
03
5.
29
E-
04
2.
31
E-
04
1.
12
E-
04
5.
89
E-
05
3.
36
E-
05
n
-
pe
n
ta
n
e
2.
69
E-
03
1.
02
E-
03
4.
34
E-
04
2.
02
E-
04
1.
02
E-
04
5.
54
E-
05
3.
52
E-
05
2.
19
E-
05
1.
49
E-
05
n
-
he
x
a
n
e
1.
85
E-
03
7.
64
E-
04
3.
46
E-
04
1.
69
E-
04
9.
20
E-
05
5.
05
E-
05
3.
06
E-
05
n
-
he
pt
a
n
e
3.
08
E-
03
1.
24
E-
03
5.
61
E-
04
2.
62
E-
04
1.
35
E-
04
7.
34
E-
05
n
-
o
ct
a
n
e
4.
56
E-
03
1.
79
E-
03
7.
72
E-
04
3.
57
E-
04
1.
75
E-
04
1.
26
E-
04
9.
21
E-
05
6.
84
E-
05
n
-
n
o
n
a
n
e
5.
48
E-
03
2.
16
E-
03
9.
12
E-
04
4.
18
E-
04
2.
83
E-
04
1.
98
E-
04
1.
41
E-
04
n
-
de
ca
n
e
5.
76
E-
03
2.
21
E-
03
9.
16
E-
04
6.
12
E-
04
4.
12
E-
04
2.
83
E-
04
n
-
do
de
ca
n
e
4.
14
E-
03
2.
52
E-
03
1.
58
E-
03
1.
02
E-
03
e
th
yl
e
n
e
5.
80
E-
05
2.
95
E-
05
1.
98
E-
05
1.
31
E-
05
be
n
z
e
n
e
2.
80
E-
03
1.
04
E-
03
4.
38
E-
04
2.
04
E-
04
1.
03
E-
04
5.
75
E-
05
3.
53
E-
05
2.
27
E-
05
1.
85
E-
05
1.
54
E-
05
1.
29
E-
05
to
lu
e
n
e
3.
17
E-
03
1.
26
E-
03
5.
52
E-
04
2.
63
E-
04
1.
34
E-
04
7.
63
E-
05
4.
51
E-
05
3.
54
E-
05
2.
80
E-
05
2.
28
E-
05
e
th
yl
be
n
z
e
n
e
3.
66
E-
03
1.
49
E-
03
6.
93
E-
04
3.
27
E-
04
1.
70
E-
04
9.
36
E-
05
n
-
pr
o
pl
yb
e
n
z
e
n
e
5.
04
E-
03
2.
05
E-
03
9.
11
E-
04
4.
31
E-
04
2.
18
E-
04
1.
58
E-
04
1.
16
E-
04
8.
83
E-
05
n
-
bu
ty
lb
e
n
z
e
n
e
7.
17
E-
03
2.
86
E-
03
1.
22
E-
03
5.
61
E-
04
3.
94
E-
04
2.
79
E-
04
2.
00
E-
04
p-
x
yl
e
n
e
2.
12
E-
03
9.
05
E-
04
4.
23
E-
04
2.
11
E-
04
1.
12
E-
04
8.
40
E-
05
6.
37
E-
05
1,
2,
4-
tr
im
e
th
yl
be
n
z
e
n
e
3.
05
E-
03
1.
29
E-
03
5.
83
E-
04
2.
84
E-
04
2.
03
E-
04
1.
47
E-
04
1.
09
E-
04
1-
pe
n
te
n
e
1.
99
E-
03
7.
79
E-
04
3.
40
E-
04
1.
73
E-
04
8.
42
E-
05
4.
66
E-
05
3.
04
E-
05
1.
97
E-
05
1.
34
E-
05
1,
2-
di
ch
lo
ro
be
n
z
e
n
e
4.
01
E-
03
1.
69
E-
03
7.
80
E-
04
3.
85
E-
04
2.
02
E-
04
1.
49
E-
04
1.
12
E-
04
8.
54
E-
05
br
o
m
o
be
n
z
e
n
e
3.
89
E-
03
1.
67
E-
03
7.
52
E-
04
3.
69
E-
04
1.
95
E-
04
1.
09
E-
04
ch
lo
ro
fo
rm
2.
83
E-
03
1.
09
E-
03
4.
66
E-
04
2.
15
E-
04
1.
10
E-
04
6.
16
E-
05
3.
94
E-
05
2.
49
E-
05
1.
70
E-
05
ca
rb
o
n
te
tr
a
ch
lo
rid
e
1.
67
E-
03
7.
10
E-
04
3.
23
E-
04
1.
61
E-
04
8.
73
E-
05
5.
29
E-
05
3.
21
E-
05
2.
10
E-
05
di
e
th
yl
e
th
e
r
3.
71
E-
03
1.
25
E-
03
3.
99
E-
04
1.
40
E-
04
4.
66
E-
05
3.
08
E-
05
e
th
yl
a
ce
ta
te
3.
01
E-
03
1.
03
E-
03
4.
05
E-
04
1.
66
E-
04
7.
55
E-
05
1,
2-
di
ch
lo
ro
e
th
yl
e
n
e
2.
85
E-
03
1.
04
E-
03
4.
41
E-
04
2.
07
E-
04
1.
06
E-
04
5.
83
E-
05
3.
65
E-
05
1.
61
E-
05
a
ce
to
n
e
2.
39
E-
03
8.
07
E-
04
3.
40
E-
04
1.
15
E-
04
5.
00
E-
05
3.
08
E-
05
M
EK
2.
57
E-
03
8.
09
E-
04
3.
14
E-
04
1.
38
E-
04
6.
91
E-
05
1,
2,
3,
4-
te
tr
a
hy
dr
o
n
a
ph
th
a
le
n
e
2.
01
E-
03
9.
15
E-
04
4.
43
E-
04
3.
14
E-
04
2.
30
E-
04
1.
67
E-
04
tr
ic
hl
o
ro
e
th
yl
e
n
e
1.
58
E-
03
6.
50
E-
04
2.
96
E-
04
1.
47
E-
04
7.
99
E-
05
4.
66
E-
05
bu
ty
lc
yc
lo
he
x
a
n
e
1.
66
E-
03
7.
53
E-
04
5.
10
E-
04
3.
54
E-
04
de
ca
hy
dr
o
n
a
ph
th
a
le
n
e
2.
08
E-
03
9.
49
E-
04
4.
48
E-
04
3.
18
E-
04
2.
28
E-
04
1.
64
E-
04
a
ce
ta
ld
e
hy
de
1.
44
E-
03
7.
69
E-
04
2.
53
E-
04
1.
04
E-
04
5.
18
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Table A. 6: The table gives the values calculated for the Henry Constants (mol·Pa-1·kg-1) for 
IRMOF-1 sample 3 using Equation 3.5. 
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Table A. 7: The table lists values used in the calculation of ∆H of adsorption on IRMOF-1 
sample 1.  Slopes were calculated as a best linear fit between ln(VN) versus 1/T for 3 data points. 
 
 
  
Temperature (°C) 175 200 220 240 Differential ΔH
1/T (1/K) 0.00223 0.00211 0.00203 0.00195 Rsquared slope kJ/mole
ln (retention volume) (L/g)
1,2,4-trimethylbenzene 2.02425 1.02939 0.31872 1.0000 8375 69.63
1,2-dichlorobenzene 1.37431 0.48516 -0.1521 1.0000 7495 62.31
1-pentene -2.0807 -2.5949 -2.9261 0.9989 4162 34.60
2,2,4-trimethylpentane 0.39657 -0.4218 -0.9982 0.9999 6851 56.97
2-methylheptane 1.11703 0.20297 -0.4436 0.9999 7665 63.73
benzene -1.3346 -1.9838 -2.4087 0.9992 5286 43.95
cyclohexane -1.5188 -2.0499 -2.4203 0.9999 4429 36.83
n-heptane 0.29594 -0.5223 -1.0945 0.9999 6831 56.80
n-hexane -0.8827 -1.5523 -2.0169 0.9998 5573 46.34
n-propylbenzene 1.55708 0.62164 -0.015 0.9997 7729 64.26
n-octane 1.48005 0.53082 -0.1432 1.0000 7972 66.28
n-pentane -1.9272 -2.4537 -2.7956 0.9990 4274 35.54
toluene -0.469 -1.19 -1.6795 0.9996 5952 49.48
isopentane -2.2438 -2.7047 -3.0194 0.9997 3813 31.70
chloroform -1.8661 -2.3992 -2.7556 0.9995 4375 36.38
cumene 1.14316 0.27095 -0.3568 1.0000 7364 61.23
tetrachloroethylene 0.01405 -0.8289 -1.3938 0.9995 6924 57.57
bromobenzene 0.55826 -0.2397 -0.7973 0.9999 6660 55.38
n-decane 2.51643 1.64828 0.84593 1.0000 10133 84.25
ethylbenzene 0.47434 -0.3503 -0.9145 0.9997 6827 56.76
n-nonane 1.53429 0.75991 0.04583 1.0000 9029 75.07
n-butylbenzene 1.75081 1.00154 0.31744 1.0000 8696 72.30
p-xylene 0.78436 -0.0909 -0.697 0.9998 7280 60.53
o-xylene 0.73973 -0.1163 -0.702 0.9997 7087 58.93
m-xylene 0.71675 -0.1498 -0.747 0.9998 7194 59.81
carbon tet -1.5968 -2.1582 -2.5339 0.9995 4609 38.32
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Table A. 8: The table lists values used in the calculation of ∆H of adsorption on IRMOF-1 
sample 2.  Slopes were calculated from a linear fit between ln(VN) versus 1/T for 4-5 data points. 
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Table A. 9: The table lists values used in the calculation of ∆H of adsorption on IRMOF-1 
sample 3.  Slopes were calculated from a linear fit between ln(VN) versus 1/T for 4-5 data points. 
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Table A. 10: The table below lists the values calculated for ∆G of Adsorption (kJ/mole) on 
IRMOF-1 sample 1 at each temperature.  The values of ∆G are calculated by Equation 3.7. 
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Table A. 11: The table above lists the values calculated for ∆G of Adsorption (kJ/mole) on 
IRMOF-1 sample 2 at each temperature.  The values of ∆G are calculated by Equation 3.7. 
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Table A. 12:  The table below lists the values calculated for ∆G of Adsorption (kJ/mole) on 
IRMOF-1 sample 3 at each temperature.  The values of ∆G are calculated by Equation 3.7. 
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Table A. 13: The table below gives the values for 3 IRMOF-1 samples for ∆GCH2 at the given 
temperature for n-alkanes and the corresponding dispersive component of surface energy.  The 
values are reported for those temperatures with enough data for accurate calculation. 
  
  
  
IRMOF-1 sample 1 IRMOF-1 sample 2 IRMOF-1 sample 3 
Temp 
(°C) 
γCH2 
(mJ/m2) 
ΔGCH2 
(kJ/mole) 
γs
D
 
(mJ/m2) 
ΔGCH2 
(kJ/mole) 
γs
D
 
(mJ/m2) 
ΔGCH2 
(kJ/mole) 
γs
D
 
(mJ/m2) 
150 43.89 4.45 86.46      
160 43.31     4.43 86.96   
175 42.44 4.25 81.41      
180 42.15        4.46 90.53 
190 41.57        4.39 88.95 
200 40.99 3.95 72.97 4.05 76.60 4.30 86.36 
210 40.41        4.23 84.72 
220 39.83 3.69 65.47    4.14 82.60 
230 39.25          
240 38.67 3.43 58.33 3.49 60.27   
270 36.93   3.04 48.00   
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Table A. 14: The table above gives information about the adsorbates studied from Perry’s 
Chemical Engineer’s Handbook and CRC Handbook of Chemistry and Physics.  Vapor 
pressures, P0, were calculated at 200°C with the Lee-Kesler method and the critical values listed. 
 
  
 α 0 (C m2/V) hv (eV) (hv)0.5 α0 1×1049 Tc (K) Pc (Mpa) ω P0 (Mpa) log(P0) 
ethane 4.97E-40 4.954 4.431 305.32 4.85 0.098   
propane 7.00E-40 4.176 5.724 369.83 4.21 0.149 26.055 1.416
n-butane 9.12E-40 3.658 6.984 425.12 3.77 0.197 7.905 0.898
n-pentane 1.11E-39 3.314 8.099 469.7 3.36 0.251 3.538 0.549
n-hexane 1.32E-39 3.036 9.234 507.6 3.04 0.304 1.814 0.259
n-heptane 1.51E-39 2.839 10.213 540.2 2.72 0.346 0.981 -0.008
n-octane 1.77E-39 2.627 11.476 568.7 2.47 0.396 0.553 -0.257
n-nonane 1.93E-39 2.514 12.258 594.6 2.31 0.446 0.324 -0.490
n-decane 2.13E-39 2.397 13.168 617.7 2.09 0.488 0.188 -0.726
n-dodecane 2.53E-39 2.196 15.013 658 1.82 0.577 0.068 -1.170
ethylene 4.73E-40 5.079 4.268 282.34 5.03 0.086   
benzene 1.19E-39 3.196 8.551 562.16 4.88 0.209 1.435 0.157
toluene 1.37E-39 2.986 9.466 591.8 4.1 0.262 0.756 -0.122
ethylbenzene 1.58E-39 2.779 10.543 617.2 3.6 0.301 0.435 -0.361
n-proplybenzene    638.32 3.2 0.344 0.261 -0.583
n-butylbenzene    660.5 2.89 0.394 0.150 -0.823
p-xylene 1.66E-39 2.713 10.930 616.23 3.5 0.320 0.417 -0.380
1,2,4-trimethylbenzene    649.13 3.25 0.380 0.209 -0.679
1-pentene 1.07E-39 3.372 7.891 464.78 3.56 0.236 4.032 0.605
1,2-dichlorobenzene 1.58E-39 2.782 10.526 705 4.07 0.219 0.162 -0.789
bromobenzene 1.52E-39 2.838 10.218 670.15 4.52 0.251 0.276 -0.559
chloroform 9.16E-40 3.651 7.003 536.4 5.55 0.228 2.283 0.359
carbontetrachloride 1.17E-39 3.232 8.407 556.35 4.54 0.191 1.466 0.166
diethylether* 9.71E-40 3.545 7.320 466.7 3.64 0.281 4.017 0.604
ethylacetate* 9.59E-40 3.567 7.251 523.3 3.85 0.363 1.772 0.249
1,2-dichloroethylene 8.93E-40 3.696 6.875 508 5.19 0.264 3.121 0.494
acetone* 7.04E-40 4.163 5.752 508.2 4.71 0.307 2.782 0.444
MEK* 9.05E-40 3.673 6.939 535.5 4.12 0.320 1.620 0.209
1,2,3,4-tetrahydronaphthalene    720 3.65 0.335 0.083 -1.078
trichloroethylene 1.12E-39 3.307 8.123 571 4.91 0.217 1.271 0.104
butylcyclohexane 2.20E-39 2.354 13.528 652 2.56 0.392 0.154 -0.813
decahydronaphthalene    702.3 3.2 0.293 0.109 -0.963
nonanal    658 2.74 0.514 0.116 -0.936
bromoform 1.31E-39 3.049 9.176 696 6.09 0.156 0.325 -0.488
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Table A. 15: The table above lists values used for fitting the experimental data to the Abraham 
LFER equation. 
 
  
E S A B L
polarizability dipole polarizability Acidity bacicity log partition
ethane 0 0 0 0 0.492
propane 0 0 0 0 1.05
n-butane 0 0 0 0 1.615
n-pentane 0 0 0 0 2.162
n-hexane 0 0 0 0 2.668
n-heptane 0 0 0 0 3.173
n-octane 0 0 0 0 3.677
n-nonane 0 0 0 0 4.182
n-decane 0 0 0 0 4.686
n-dodecane 0 0 0 0 5.696
ethylene
benzene 0.61 0.52 0 0.14 2.786
toluene 0.601 0.52 0 0.14 3.325
ethylbenzene 0.613 0.51 0 0.15 3.778
n-proplybenzene 0.604 0.5 0 0.15 4.23
n-butylbenzene 0.6 0.51 0 0.15 4.73
p-xylene 0.613 0.52 0 0.16 3.839
1,2,4-trimethylbenzene 0.677 0.56 0 0.19 4.441
1-pentene 0.093 0.08 0 0.07 2.047
1,2-dichlorobenzene 0.872 0.78 0 0.04 4.518
bromobenzene 0.882 0.73 0 0.09 4.041
chloroform 0.425 0.49 0.15 0.02 2.48
carbontetrachloride 0.458 0.38 0 0 2.823
diethylether 0.041 0.25 0 0.45 2.015
ethylacetate 0.106 0.62 0 0.45 2.314
1,2-dichloroethylene 0.436 0.61 0.11 0.05 2.439
acetone 0.179 0.7 0.04 0.49 1.696
MEK 0.166 0.7 0 0.51 2.287
1,2,3,4-tetrahydronaphthalene 0.891 0.65 0 0.17 5.203
trichloroethylene 0.524 0.37 0.08 0.03 2.997
butylcyclohexane 0.3 0.1 0 0.1 4.603
decahydronaphthalene 0.505 0.25 0 0 5.077
nonanal 0.15 0.65 0 0.45 4.834
bromoform 0.974 0.68 0.15 0.06 3.784
Pyridine 0.631 0.84 0 0.52 3.022
THF 0.289 0.52 0 0.48 2.636
triethylamine 0.101 0.15 0 0.79 3.04
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Table A. 16: Measured helium flow rates (SCCM) for the IRMOF-1 sample 1 column.  The 
pressure of the GC inlet was controlled to the value listed at the top (PSI) at the temperature (°C) 
listed on the left. 
 
 
 
  
Flowrates measured for IRMOF-1 sample 1 column (SCCM)
Inlet pressure (PSI)
Temperature (°C) 5 10 15 20 25 30 35 40 45 50
35 0.2698 0.5254 0.8094 1.1502 1.5194 1.9596 2.414 2.9252 3.4648 4.0328
50 0.2556 0.497 0.7668 1.0792 1.4342 1.8318 2.2578 2.7264 3.2376 3.763
75 0.2414 0.4544 0.71 0.9798 1.3064 1.6614 2.0448 2.4708 2.911 3.408
100 0.2272 0.4118 0.6532 0.9088 1.1928 1.5052 1.8744 2.2436 2.6554 3.1098
125 0.213 0.3976 0.5964 0.8378 1.1076 1.4058 1.7182 2.0732 2.4424 2.8542
150 0.213 0.3692 0.568 0.781 1.0366 1.2922 1.5904 1.9028 2.2578 2.627
175 0.1988 0.3408 0.5254 0.7384 0.9656 1.207 1.4768 1.775 2.1016 2.4424
200 0.1988 0.3266 0.497 0.6958 0.9088 1.136 1.3916 1.6614 1.9596 2.272
220 0.1988 0.3124 0.4828 0.6532 0.852 1.0792 1.3206 1.5762 1.8602 2.1584
240 0.1846 0.3124 0.4544 0.6248 0.8236 1.0224 1.2496 1.5052 1.7608 2.0448
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Table A. 17: Measured helium flow rates (SCCM) for the IRMOF-1 sample 2 column.  The 
pressure of the GC inlet was controlled to the value listed at the top (PSI) at the temperature (°C) 
listed on the left. 
 
  
Measured flow rates for IRMOF-1 Sample 2 column (SCCM)
GC Inlet Pressure (PSI)
Temperature (°C) 2.5 5 10 15 20 25
40 0.75 1.75 4.19 7.10 10.24
60 0.67 1.59 3.76 6.43 9.32 13.04
80 0.62 1.45 3.45 5.89 8.58 11.79
100 0.57 1.35 3.20 5.42 7.95 10.72
120 0.53 1.25 2.95 5.03 7.41 9.95
140 0.50 1.16 2.74 4.67 6.89 9.27
160 0.45 1.08 2.56 4.35 6.43 8.66
180 0.43 1.02 2.39 4.05 6.02 8.14
200 0.40 0.95 2.24 3.81 5.65 7.67
220 0.37 0.89 2.10 3.58 5.30 7.23
240 0.36 0.84 1.99 3.37 4.98 6.80
250 0.33 0.82 1.93 3.27 4.84 6.62
260 0.33 0.80 1.87 3.17 4.69 6.42
270 0.31 0.77 1.83 3.10 4.56 6.23
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Table A. 18: Measured helium flow rates (SCCM) for the IRMOF-1 sample 3 column.  The 
pressure of the GC inlet was controlled to the value listed at the top (PSI) at the temperature (°C) 
listed on the left. 
Measured He flow rates for IRMOF-1 sample 3
GC Inlet Pressure (PSI)
Temperature (°C) 20 30 40 50 60
40 1.26 2.30 3.49 4.93 6.43
50 1.22 2.12 3.25 4.56 6.02
60 1.15 2.02 3.08 4.32 5.68
70 1.07 1.89 2.87 3.99 5.33
80 1.04 1.80 2.73 3.82 5.04
100 0.94 1.65 2.49 3.48 4.60
120 0.88 1.52 2.30 3.20 4.25
140 0.81 1.42 2.12 2.97 3.92
160 0.75 1.32 1.99 2.75 3.65
180 0.71 1.24 1.86 2.58 3.42
190 0.70 1.21 1.80 2.50 3.31
200 0.67 1.16 1.75 2.43 3.21
210 0.65 1.12 1.70 2.36 3.10
220 0.64 1.11 1.65 2.29 3.00
230 0.61 1.07 1.60 2.22 2.91
240 0.60 1.04 1.56 2.16 2.83
250 0.57 0.99 1.51 2.10 2.74
260 0.57 0.98 1.48 2.03 2.67
270 0.55 0.97 1.43 1.97 2.61
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Figure A. 1: The figure above shows effect of flow rate upon the column performance on 
IRMOF-1 sample 1.  The number of theoretical plates (calculated by Equation 3.4) is plotted for 
several tested adsorbates.  The number of theoretical plates increases linearly with flow rate.  
This suggests that the ideal column performance would be observed with a higher flow rate. 
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Figure A. 2: The figure above shows effect of flow rate upon the column performance on 
IRMOF-1 sample 2 in which the pressure drop through the column was smaller allowing for 
higher flow rates.  The number of theoretical plates (calculated by Equation 3.4) is plotted for 
pentane at 100° C (squares), decane at 200° C (circles), and toluene at 160°C (diamonds).  It can 
be seen that the number of plates for the conditions studied, the ideal column performance is 
realized at flow rates between 4 and 8 SCCM at which point it 150 to 200 theoretical plates were 
typical for this column. 
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Figure A. 3: The figure above shows effect of flow rate upon the column performance on 
IRMOF-1 sample 3.  The number of theoretical plates (calculated by Equation 3.4) is plotted.  It 
can be seen that the number of plates for all of the compounds studied except for 
decahydronaphthalene increase linearly with flow rate.  This suggests that the ideal column 
performance would be observed with a higher flower on this particular column.  The symbols are 
the same as Figure 5.3. 
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Appendix B. Additional Data for the IGC Study of Novel MOFs 
 
Table B. 1: Measured values for the He flowrate through the packed column contacting the 
Banasorb 22 sample 1. 
 
 
  
Pressure of GC Inlet (PSI)
Temperature (°C) 10 20 30 40 50
40 4.20 8.56
50 4.02 6.01 8.19
60 3.82 5.72 7.82
70 3.65 5.50 7.47
80 3.49 5.23 7.19
100 0.80 1.90 3.24 4.84 6.69
120 3.02 4.52 6.22
140 2.83 4.20 5.81
160 0.67 1.58 2.66 3.93 5.42
180 2.50 3.71 5.11
190 2.44 3.61 4.96
200 0.60 1.42 2.37 3.51 4.81
210 2.31 3.42 4.70
220 2.27 3.34 4.59
230 2.22 3.27 4.47
240 0.55 1.31 2.17 3.21 4.37
250 2.13 3.12 4.27
260 2.07 3.07 4.20
270 0.53 1.22 2.06 3.04 4.13
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Table B. 2: Measured values for the He flowrate through the packed column contacting the 
Banasorb 22 sample 2. 
 
  
Pressure of GC inlet (PSI)
Temperature (°C) 5 10 15 20 25
40 1.42 6.53 9.46 13.23
50 1.36 3.25 6.18 8.95 12.38
60 5.89 8.56 12.00
70 1.25 2.94 5.65 8.31 11.39
80 5.41 7.99 10.82
100 1.11 2.85 4.96 7.40 9.98
120 4.57 6.83 9.23
140 4.23 6.35 8.59
160 0.88 2.27 3.95 5.91 8.04
180 0.82 2.13 3.68 5.51 7.54
190 0.80 2.07 3.56 5.34 7.31
200 0.77 2.00 3.46 5.17 7.09
210 0.75 1.95 3.35 4.94 6.87
220 0.72 1.87 3.25 4.86 6.67
230 0.71 1.82 3.14 4.71 6.49
240 0.70 1.78 3.07 4.57 6.29
250 0.67 1.72 2.97 4.44 6.12
260 0.65 1.68 2.90 4.32 5.96
270 0.64 1.63 2.84 4.22 5.82
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Table B. 3: Measured values for the He flowrate through the packed column contacting the 
Banasorb 30. 
 
  
Pressure of GC Inlet (PSI)
Temperature (°C) 10 20 30 40 50
50 2.19 5.65 9.63 15.05
60 1.95 5.11 8.97 14.26
70 1.86 4.88 8.61 13.58
80 1.79 4.69 8.28 12.91
100 1.66 4.30 7.71 11.74
120 1.53 3.99 7.17 10.76
130 1.48 3.85 6.92 10.39
140 1.43 3.72 6.67 10.05 14.88
150 1.39 3.62 6.49 9.77 14.26
160 1.35 3.51 6.28 9.44 13.66
170 1.31 3.38 6.06 9.13 13.12
180 1.26 3.27 5.88 8.85 12.64
190 1.22 3.17 5.68 8.58 12.17
200 1.18 3.05 5.51 8.32 11.73
210 1.15 2.98 5.35 8.11 11.32
220 1.12 2.90 5.18 7.90 10.93
230 1.09 2.83 5.04 7.68 10.62
240 1.05 2.74 4.91 7.51 10.35
250 1.02 2.67 4.79 7.31 10.08
260 1.01 2.61 4.66 7.13 9.83
270 0.98 2.54 4.53 6.94 9.57
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Figure B. 1: The effect of flow rate upon the column performance is given for Banasorb 22 
Sample 1.  The retention volume shown in plot a is virtually independent of flow rate for the 
compounds studied and the column efficiency of the same compounds is given in plot b. In these 
plots, the diamonds represent 1,2,4-trimethylbenzene at 200°C, the circles represent hexane at 
100°C, the triangles represent chloroform at100°C and the Xs represent decalin at 200°C. 
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Figure B. 2: The effect of flow rate upon the column performance is given for Banasorb 22 
Sample 2.  The column efficiency versus the flow rate is shown. In these plots, the diamonds 
represent hexane at 100°C, the squares represent 1,2,4-trimethylbenzene at 200°C, the triangles 
represent decalin at 200°C and the Xs represent chloroform at 100°C. 
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Figure B. 3: The effect of flow rate upon the column performance is given for Banasorb 30.  The 
retention volume shown in plot a is virtually independent of flow rate for the compounds studied 
and the column efficiency of the same compounds is given in plot b. In these plots, the diamonds 
represent n-hexane at 150°C, the squares represent 1,2,4-trimethylbenzene 200°C, the triangles 
represent tetralin at 200°C and the Xs represent n-decane at 200°C. 
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Table B. 4: All of the values for corrected retention volume (L/g) measured for the compounds 
on the left at the temperatures listed at the top for the Banasorb 22 sample 1 column.  Adsorbates 
marked with an asterisk were fitted similarly to Figure 6.2. 
 
  
Corrected Specific Retention Volume (L/g)
Temperature (°C) 100 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270
n-pentane 0.024 0.020 0.016 0.013 0.011 0.005
n-hexane 0.175 0.062 0.048 0.038 0.029 0.024 0.009
n-heptane 0.163 0.120 0.090 0.068 0.054 0.019
n-octane 0.424 0.295 0.209 0.154 0.117 0.088 0.069 0.053 0.042 0.034
n-nonane 1.074 0.705 0.479 0.338 0.246 0.179 0.135 0.103 0.079 0.062
n-decane 0.506 0.358 0.260 0.191 0.144 0.111
n-dodecane 1.434 1.006 0.690 0.477 0.359
benzene 0.050 0.038 0.030 0.023 0.019 0.007
toluene 0.131 0.095 0.071 0.054 0.042
ethylbenzene 0.315 0.218 0.156 0.114 0.087
n-proplybenzene 0.822 0.544 0.370 0.259 0.189
n-butylbenzene 0.439 0.309 0.227 0.167 0.125 0.097
p-xylene 0.380 0.259 0.183 0.132 0.099
1,2,4-trimethylbenzene 1.252 0.794 0.520 0.355 0.253 0.086
1-pentene 0.018 0.014 0.012 0.009 0.007
1,2-dichlorobenzene 0.883 0.550 0.363 0.249 0.177
bromobenzene 0.425 0.281 0.197 0.142 0.106
chloroform 0.023 0.026 0.020 0.016 0.012 0.010
carbontetrachloride 0.045 0.034 0.027 0.021 0.017
diethylether* 0.116 0.060 0.045 0.030 0.018
ethylacetate* 1.283 0.695 0.400 0.218 0.136
1,2-dichloroethylene 0.023 0.018 0.014 0.011 0.009
acetone* 0.566 0.322 0.180 0.128 0.064
MEK* 1.233 0.695 0.370 0.227 0.133
Tetralin 0.322 0.233 0.172 0.130 0.100
Trichloroethylene 0.054 0.040 0.031 0.023 0.018
Butylcyclohexane 0.351 0.258 0.191 0.143 0.110
Decalin 0.247 0.186 0.142 0.111 0.087 0.045
acetaldehyde* 0.070 0.050 0.035 0.021 0.016
nonanal* 0.184 0.128 0.092 0.065 0.055
bromoform 0.182 0.125 0.089 0.065 0.050
THF* 2.546 1.883 0.872 0.515 0.257
triethylamine* 0.643 0.334 0.137 0.074 0.066
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Table B. 5: All of the values for corrected retention volume (L/g) measured for the compounds 
on the left at the temperatures listed at the top for the Banasorb 22 sample 2 column.  Adsorbates 
marked with an asterisk were fitted similarly to Figure 6.2. 
 
  
Corrected Specific Retention Volume (L/g)
Temperature (°C) 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270
n-pentane 0.092 0.074 0.060 0.050 0.042
n-hexane 0.226 0.172 0.133 0.107 0.085
n-heptane 0.596 0.430 0.317 0.240 0.184
n-octane 1.566 1.067 0.746 0.540 0.396
n-nonane 4.004 2.590 1.717 1.188 0.837
n-decane 10.289 6.258 3.931 2.601 1.757 1.225 0.875 0.640 0.474 0.344
n-dodecane 5.035 3.414 2.318 1.624 1.134
benzene 0.184 0.140 0.108 0.085 0.068
toluene 0.499 0.355 0.258 0.194 0.148
ethylbenzene 1.240 0.834 0.576 0.415 0.304
n-proplybenzene 3.384 2.125 1.387 0.953 0.667
n-butylbenzene 1.075 0.763 0.556 0.411 0.299
p-xylene 1.499 0.987 0.670 0.475 0.343
1,2,4-trimethylbenzene 5.080 3.051 1.949 1.297 0.884
1-pentene 0.081 0.065 0.054 0.045 0.038
1,2-dichlorobenzene 3.743 2.317 1.486 1.011 0.692
bromobenzene 1.568 1.034 0.702 0.499 0.360
chloroform 0.116 0.089 0.058 0.058 0.047
carbontetrachloride 0.195 0.148 0.115 0.092 0.073
Diethylether* 0.327 0.196 0.142 0.099 0.078
Ethylacetate* 10.271 5.561 2.934 1.566 0.926
1,2-dichloroethylene 0.099 0.077 0.061 0.050 0.042
Acetone* 2.995 2.203 1.288 0.773 0.478
MEK* 13.389 6.078 3.358 1.818 1.092
tetralin 1.149 0.815 0.591 0.436 0.316
Trichloroethylene 0.222 0.165 0.125 0.099 0.078
Butylcyclohexane 1.178 0.846 0.621 0.461 0.338
decalin 0.886 0.655 0.494 0.378 0.283
Acetaldehyde* 0.275 0.170 0.113 0.075 0.050
Nonanal 0.957 0.633 0.439 0.318 0.239
Bromoform 0.751 0.517 0.367 0.267 0.199
THF* 0.000 0.000 0.000 0.000 0.000 0.868 0.435 0.246 0.187 0.122
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Table B. 6: All of the values for corrected retention volume (L/g) measured for the compounds 
on the left at the temperatures listed at the top for the Banasorb 30 column.  Adsorbates marked 
with an asterisk were fitted similarly to Figure 6.2. 
 
  
Corrected Retention Volume (L/g)
Temperature (°C) 130 140 150 160 170 180 190 200 210 220 230 240 250 260
n-pentane 0.059 0.049 0.042 0.036 0.029
n-hexane 0.141 0.111 0.090 0.074 0.062
n-heptane 0.350 0.265 0.209 0.164 0.131
n-octane 0.860 0.626 0.472 0.358 0.275
n-nonane 2.058 1.441 1.045 0.769 0.574
n-decane 4.898 3.310 2.316 1.648 1.189
benzene 0.087 0.070 0.057 0.049 0.040
toluene 0.204 0.158 0.125 0.100 0.080
ethylbenzene 0.456 0.340 0.261 0.203 0.160
n-proplybenzene 1.132 0.806 0.596 0.448 0.342
n-butylbenzene 3.115 2.073 1.468 1.060 0.778
p-xylene 0.490 0.363 0.277 0.215 0.169
1,2,4-trimethylbenzene 1.297 0.914 0.670 0.498 0.377
1-pentene 0.051 0.042 0.037 0.030 0.026
1,2-dichlorobenzene 1.069 0.733 0.527 0.390 0.294
bromobenzene 0.527 0.380 0.285 0.217 0.169
chloroform 0.056 0.046 0.038 0.033 0.027
carbontetrachloride 0.092 0.074 0.062 0.052 0.044
Diethylether* 0.055 0.044 0.037 0.032 0.026
Ethylacetate* 0.166 0.132 0.099 0.076 0.058
1,2-dichloroethylene 0.048 0.039 0.033 0.028 0.024
Acetone* 0.081 0.059 0.046 0.036 0.026
MEK* 0.168 0.119 0.085 0.067 0.049
Tetralin 2.700 1.830 1.300 0.936 0.692
Trichloroethylene 0.106 0.083 0.068 0.056 0.046
Butylcyclohexane 4.141 2.814 1.983 1.415 1.033
Decalin 2.712 1.895 1.361 0.998 0.744
Acetaldehyde 0.022 0.017 0.015 0.014 0.011
Nonanal 1.441 1.017 0.734 0.547 0.415
Bromoform 0.283 0.210 0.161 0.126 0.100
Pyridine 0.319 0.155 0.112 0.080 0.058
THF* 0.168 0.104 0.087 0.063 0.053
Triethylamine* 0.225 0.147 0.083 0.057
Propylamine* 0.977 0.461 0.289 0.186
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Table B. 7: All of the values calculated for Henry constants (mol/kg/Pa) measured for the 
compounds on the left at the temperatures listed at the top for the Banasorb 22 sample 1 column.  
Adsorbates marked with an asterisk were fitted similarly to Figure 6.2. 
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Table B. 8: All of the values calculated for Henry constants (mol/kg/Pa) measured for the 
compounds on the left at the temperatures listed at the top for the Banasorb 22 sample 2 column.  
Adsorbates marked with an asterisk were fitted similarly to Figure 6.2. 
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Table B. 9: All of the values calculated for Henry constants (mol/kg/Pa) measured for the 
compounds on the left at the temperatures listed at the top for the Banasorb 30 column.  
Adsorbates marked with an asterisk were fitted similarly to Figure 6.2. 
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Table B. 10: All of the values calculated for Free Energy of Adsorption (kJ/mole) measured for 
the compounds on the left at the temperatures listed at the top for the Banasorb 22 sample 1 
column.  Adsorbates marked with an asterisk were fitted similarly to Figure 6.2. 
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Table B. 11: All of the values calculated for Free Energy of Adsorption (kJ/mole) measured for 
the compounds on the left at the temperatures listed at the top for the Banasorb 22 sample 2 
column.  Adsorbates marked with an asterisk were fitted similarly to Figure 6.2. 
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Table B. 12: All of the values calculated for Free Energy of Adsorption (kJ/mole) measured for 
the compounds on the left at the temperatures listed at the top for the Banasorb 30 column.  
Adsorbates marked with an asterisk were fitted similarly to Figure 6.2. 
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Table B. 13: The values for Banasorb 22 sample 1 used for calculating the differential enthalpy 
of adsorption (kJ/mole) are listed using the van’t Hoff equation.  Linear fits were made between 
the natural log of corrected retention volume and inverse absolute temperature.  Adsorbates 
marked with an asterisk were fitted similarly to Figure 6.2. 
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Table B. 14: The values for Banasorb 22 sample 2 used for calculating the differential 
enthalpy of adsorption (kJ/mole) are listed using the van’t Hoff equation.  Linear fits 
were made between the natural log of corrected retention volume and inverse absolute 
temperature.  Adsorbates marked with an asterisk were fitted similarly to Figure 6.2. 
207 
Table B. 15: The values for Banasorb 30 used for calculating the differential enthalpy of 
adsorption (kJ/mole) are listed using the van’t Hoff equation.  Linear fits were made between the 
natural log of corrected retention volume and inverse absolute temperature.  Adsorbates marked 
with an asterisk were fitted similarly to Figure 6.2. 
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Figure B. 4: a) The figure above shows representative van’t Hoff plots for the Banasorb MOF 
samples.  The sorbates shown above are n-alkanes on Bansasorb 22 sample 1.  The symbols used 
in the figure are n-pentane (solid diamonds), n-hexane (solid squares), n-heptane (triangles), n-
octane (X’s), n-nonane (diamonds), n-decane (squares). b) The sorbates shown above are n-
alkylbenzenes on Banasorb 22 sample 1.  The symbols used in the figure are benzene (solid 
diamonds), toluene (squares), ethylbenzene (triangles), n-propylbenzene (X’s), and 1,2,3-
trimethylbenzene (open diamonds). 
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Figure B. 5: a) The figure above shows representative van’t Hoff plots for the Banasorb MOF 
samples.  The sorbates shown above are n-alkanes on Bansasorb 30.  The symbols used in the 
figure are n-pentane (solid diamonds), n-hexane (solid squares), n-heptane (triangles), n-octane 
(X’s), n-nonane (diamonds), n-decane (squares). b) The sorbates shown above are n-
alkylbenzenes on Banasorb 30.  The symbols used in the figure are benzene (solid diamonds), 
toluene (solid squares), ethylbenzene (triangles), n-propylbenzene (X’s), and n-butylbenzene 
(open squares). 
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Table B. 16: The table above gives information about the adsorbates studied from Perry’s 
Chemical Engineer’s Handbook and CRC Handbook of Chemistry and Physics.  Vapor 
pressures, P0, were calculated at 200°C with the Lee-Kesler method and the critical values listed. 
 
 
 
 
  
 
 α 0 (C m2/V) hv (eV) (hv)0.5 α0 1×1049 Tc (K) Pc (Mpa) ω P0 (Mpa) log(P0) 
ethane 4.97E-40 4.954 4.431 305.32 4.85 0.098   
propane 7.00E-40 4.176 5.724 369.83 4.21 0.149 26.055 1.416
n-butane 9.12E-40 3.658 6.984 425.12 3.77 0.197 7.905 0.898
n-pentane 1.11E-39 3.314 8.099 469.7 3.36 0.251 3.538 0.549
n-hexane 1.32E-39 3.036 9.234 507.6 3.04 0.304 1.814 0.259
n-heptane 1.51E-39 2.839 10.213 540.2 2.72 0.346 0.981 -0.008
n-octane 1.77E-39 2.627 11.476 568.7 2.47 0.396 0.553 -0.257
n-nonane 1.93E-39 2.514 12.258 594.6 2.31 0.446 0.324 -0.490
n-decane 2.13E-39 2.397 13.168 617.7 2.09 0.488 0.188 -0.726
n-dodecane 2.53E-39 2.196 15.013 658 1.82 0.577 0.068 -1.170
ethylene 4.73E-40 5.079 4.268 282.34 5.03 0.086   
benzene 1.19E-39 3.196 8.551 562.16 4.88 0.209 1.435 0.157
toluene 1.37E-39 2.986 9.466 591.8 4.1 0.262 0.756 -0.122
ethylbenzene 1.58E-39 2.779 10.543 617.2 3.6 0.301 0.435 -0.361
n-proplybenzene    638.32 3.2 0.344 0.261 -0.583
n-butylbenzene    660.5 2.89 0.394 0.150 -0.823
p-xylene 1.66E-39 2.713 10.930 616.23 3.5 0.320 0.417 -0.380
1,2,4-trimethylbenzene    649.13 3.25 0.380 0.209 -0.679
1-pentene 1.07E-39 3.372 7.891 464.78 3.56 0.236 4.032 0.605
1,2-dichlorobenzene 1.58E-39 2.782 10.526 705 4.07 0.219 0.162 -0.789
bromobenzene 1.52E-39 2.838 10.218 670.15 4.52 0.251 0.276 -0.559
chloroform 9.16E-40 3.651 7.003 536.4 5.55 0.228 2.283 0.359
carbontetrachloride 1.17E-39 3.232 8.407 556.35 4.54 0.191 1.466 0.166
diethylether* 9.71E-40 3.545 7.320 466.7 3.64 0.281 4.017 0.604
ethylacetate* 9.59E-40 3.567 7.251 523.3 3.85 0.363 1.772 0.249
1,2-dichloroethylene 8.93E-40 3.696 6.875 508 5.19 0.264 3.121 0.494
acetone* 7.04E-40 4.163 5.752 508.2 4.71 0.307 2.782 0.444
MEK* 9.05E-40 3.673 6.939 535.5 4.12 0.320 1.620 0.209
1,2,3,4-tetrahydronaphthalene    720 3.65 0.335 0.083 -1.078
trichloroethylene 1.12E-39 3.307 8.123 571 4.91 0.217 1.271 0.104
butylcyclohexane 2.20E-39 2.354 13.528 652 2.56 0.392 0.154 -0.813
decahydronaphthalene    702.3 3.2 0.293 0.109 -0.963
nonanal    658 2.74 0.514 0.116 -0.936
bromoform 1.31E-39 3.049 9.176 696 6.09 0.156 0.325 -0.488
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Table B. 17: The table above lists values used for fitting the experimental data to the Abraham 
LFER equation. 
 
  
E S A B L
polarizability dipole polarizability Acidity bacicity log partition
ethane 0 0 0 0 0.492
propane 0 0 0 0 1.05
n-butane 0 0 0 0 1.615
n-pentane 0 0 0 0 2.162
n-hexane 0 0 0 0 2.668
n-heptane 0 0 0 0 3.173
n-octane 0 0 0 0 3.677
n-nonane 0 0 0 0 4.182
n-decane 0 0 0 0 4.686
n-dodecane 0 0 0 0 5.696
ethylene
benzene 0.61 0.52 0 0.14 2.786
toluene 0.601 0.52 0 0.14 3.325
ethylbenzene 0.613 0.51 0 0.15 3.778
n-proplybenzene 0.604 0.5 0 0.15 4.23
n-butylbenzene 0.6 0.51 0 0.15 4.73
p-xylene 0.613 0.52 0 0.16 3.839
1,2,4-trimethylbenzene 0.677 0.56 0 0.19 4.441
1-pentene 0.093 0.08 0 0.07 2.047
1,2-dichlorobenzene 0.872 0.78 0 0.04 4.518
bromobenzene 0.882 0.73 0 0.09 4.041
chloroform 0.425 0.49 0.15 0.02 2.48
carbontetrachloride 0.458 0.38 0 0 2.823
diethylether 0.041 0.25 0 0.45 2.015
ethylacetate 0.106 0.62 0 0.45 2.314
1,2-dichloroethylene 0.436 0.61 0.11 0.05 2.439
acetone 0.179 0.7 0.04 0.49 1.696
MEK 0.166 0.7 0 0.51 2.287
1,2,3,4-tetrahydronaphthalene 0.891 0.65 0 0.17 5.203
trichloroethylene 0.524 0.37 0.08 0.03 2.997
butylcyclohexane 0.3 0.1 0 0.1 4.603
decahydronaphthalene 0.505 0.25 0 0 5.077
nonanal 0.15 0.65 0 0.45 4.834
bromoform 0.974 0.68 0.15 0.06 3.784
Pyridine 0.631 0.84 0 0.52 3.022
THF 0.289 0.52 0 0.48 2.636
triethylamine 0.101 0.15 0 0.79 3.04
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Table B. 18: The table above lists values calculated at different temperatures for ∆GCH2 and γSD 
for the 3 Banasorb MOF samples. 
 
Temperature
(°C)
γCH2(mJ/m2)
Banasorb 22 - 1 Banasorb 22 -2 Banasorb 30
ΔGCH2 (kJ/mole) γsD (mJ/m2) ΔGCH2 (kJ/mole) γsD (mJ/m2) ΔGCH2 (kJ/mole) γsD (mJ/m2)
130 45.05 3.19 43.34 3.18 42.92 2.97 37.48
140 44.47 3.08 40.80 3.06 40.46 2.91 36.44
150 43.89 3.01 39.66 2.95 38.09 2.83 35.04
160 43.31 2.94 38.27 2.86 36.24 2.77 33.97
170 42.73 2.87 36.81 2.77 34.46 2.73 33.45
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Appendix C. Additional Data for the IGC study of ZIF-8 
 
Table C. 1: Helium flow rates (SCCM) measured through the packed column of ZIF-8 at the 
given conditions (temperature and inlet pressure). 
Temperature (°C)
GC Inlet Pressure (PSI)
30 40 50 60
40 1.11 1.63 2.19 2.61
50 0.87 1.31 1.79 2.30
60 0.78 1.18 1.62 2.13
70 0.72 1.09 1.53 2.02
80 0.68 1.05 1.45 1.92
180 0.50 0.72 1.02 1.33
190 0.47 0.71 0.98 1.29
200 0.45 0.68 0.95 1.25
210 0.44 0.67 0.94 1.22
220 0.44 0.65 0.91 1.18
230 0.41 0.62 0.88 1.15
240 0.40 0.61 0.85 1.11
250 0.40 0.60 0.82 1.08
260 0.38 0.58 0.80 1.05
270 0.37 0.57 0.78 1.02
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Figure C. 1: Column efficiency for a few select compounds versus flow rates (SCCM) measured 
through the packed column of ZIF-8 are displayed in this figure. 
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Table C. 2: The table above lists all calculated values of the Henry constants (mole/kg/Pa) for 
adsorbates on ZIF-8 measured chromatographically. 
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Table C. 3: The table below lists all calculated values for the free energy of adsorption (kJ/mole) 
for adsorbates on ZIF-8 measured chromatographically. 
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Table C. 4: The table above lists the values of the natural logarithm of retention volume and 
temperatures used to calculate the differential enthalpy of adsorption for ZIF-8 using the van’t 
Hoff relationship.  Calculated values of enthalpy (kJ/mole) and the quality of fit (R2) are also 
listed. 
 
ln (VN) (L/g) Temperature (°C)
Adsorbed species 40 50 60 70 80 230 240 250 260 270 RSQ SLOPE ∆H 
Inverse Temp (1/K) × 1000 3.19 3.09 3.00 2.91 2.83 1.99 1.95 1.91 1.88 1.84 (kJ/mole)
ethane -4.53 -4.85 -5.07 -5.35 0.996 2.869 23.85
ethylene -3.17 -3.64 -3.91 -4.13 -4.29 0.969 3.045 25.32
propane -2.94 -3.24 -3.48 -3.66 -3.84 0.994 2.460 20.46
propylene -1.29 -1.77 -2.10 -2.38 -2.61 0.988 3.610 30.02
n-butane -1.44 -1.92 -2.24 -2.51 -2.75 0.988 3.579 29.75
isobutane -2.41 -2.50 -3.05 -3.18 -3.64 0.946 3.445 28.64
n-pentane -3.03 -3.19 -3.34 -3.48 -3.61 1.000 3.938 32.74
n-hexane -2.22 -2.40 -2.56 -2.72 -2.88 1.000 4.522 37.59
n-heptane -1.44 -1.64 -1.83 -2.01 -2.19 1.000 5.163 42.93
n-octane -0.73 -0.96 -1.16 -1.38 -1.59 0.999 5.839 48.54
n-nonane -0.08 -0.34 -0.57 -0.80 -1.02 1.000 6.372 52.98
diethylether -3.32 -3.47 -3.63 -3.76 -3.89 1.000 3.923 32.62
ethylacetate -2.69 -2.91 -3.10 -3.27 -3.44 0.999 5.103 42.43
1,2-dichloroethylene -3.54 -3.68 -3.82 -3.95 -4.08 1.000 3.678 30.58
acetone -3.63 -3.84 -4.02 -4.18 -4.33 0.998 4.707 39.13
MEK -2.91 -3.12 -3.29 -3.45 -3.60 0.998 4.701 39.08
trichloroethylene -2.75 -2.93 -3.07 -3.21 -3.36 0.999 4.137 34.40
acetaldehyde -4.69 -4.87 -5.00 -5.16 -5.30 0.998 4.094 34.03
bromoform -0.79 -1.06 -1.29 -1.47 -1.65 0.995 5.867 48.77
THF -2.93 -3.17 -3.37 -3.56 -3.73 0.997 5.467 45.45
dichloromethane -4.04 -4.17 -4.31 -4.44 -4.58 1.000 3.668 30.50
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Table C. 5: The below above lists the values used for the fit of the retention data to vapor 
pressure and deformation polarizability.  Critical constants and acentric factors were used to 
calculate vapor pressure through the Lee-Kesler Method and molecular polarizability were used 
to calculate the defomation polarizability term.  The free energy values at 250°C used in the fit 
are also listed. 
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Appendix D. Flow cell diagrams 
 
TPD flow cell design used for temperature-programmed desorption experiments in Chapter 4. 
219 
 
ZLC flow cell used for zero-length column equilibrium studies in Chapter 4.
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Appendix E. Process sheet for MOF breakthrough studies 
1. Packing capillary column 
1.1. Cut a 7-8 cm long piece of 0.53mm ID capillary (Aldrich, P/N 25739) using 
ceramic scoring wafer (Restek, P/N 20116) as shown in the picture below. 
 
1.2. Into 1 end of capillary, insert plug of deactivated glass wool (Restek, P/N 20789) 
1.2.1. Roll a small section of wool into a short, thin plug and feed into capillary 
as shown in the picture below 
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1.2.2. Use a waste piece of smaller capillary (0.36 OD) to push plug in position 
1.2.3. Use second waste capillary piece to compact plug from other end 
1.3. Weigh the mass of capillary and the first glass wool plug.  Record this value. 
1.4.  Use vacuum system (vacuum pump -> Swagelok metering valve -> tee with a 
vacuum gauge -> 1/4” to 1/16” Swagelok reducing union) as shown in picture 
below to pack MOF into capillary bed. 
 
1.4.1. Attach 0.53mm ID capillary to vacuum system using Swagelok reducing 
union and a Supeltex M-4 graphite ferrule with 0.8mm ID thru-hole 
(Supelco, P/N 20628) 
1.4.1.1. Push end with glass wool through the nut and ferrule as shown in the 
picture below and cut off a small piece (~2 mm) of column 
222 
 
1.4.1.2. Slide fitting nut onto the capillary behind the ferrule and tighten into 
fitting (~1/4-1/2 turn past finger-tight) with wrenches as shown below 
 
1.4.2. Begin with vacuum pump off and metering valve fully closed 
1.4.3. Turn on vacuum pump and slowly open metering valve until vacuum 
gauge reads 25 inches of mercury (periodically monitor gauge and adjust 
metering valve to maintain this reading) 
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1.4.4. Begin to suction MOF powder into capillary by bringing close to open end 
as shown below 
 
1.4.5. To aid in packing periodically hold column upright and lightly tap while 
suction pulls powder downward 
1.4.6. Stop packing MOF when the powder fills 2-3 cm of the column 
1.4.7. Turn off vacuum pump and disconnect column from system 
1.5. Weigh the mass of capillary, glass wool plug, and MOF.  Record this value. 
1.6. Pack other end of column with glass wool in a similar manner as step 1.2. 
1.7. Weigh the mass of capillary, 2 glass wool plugs, and MOF.  Record this value. 
2. Connection of MOF-packed column into GC and activation 
2.1. The packed capillary column from above is connected to two lengths (7 and 30 
cm) of 0.25 mm ID guard column (Restek, 10049) using butt connectors fittings 
(Supelco, 23804) with M-2B butt connector ferrules (Supelco, 22455-U).  (It is a 
good idea to keep the direction of flow the same for vacuum loading powder and 
GC measurements).  Images of assembly and final result are shown below 
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2.2. The column is then connected into the split/splitless inlet of an Agilent 6890 gas 
chromatograph 
2.2.1. Insert the end of the shorter length of connecting guard column through a 
column nut (Restek, 21878) and an appropriate graphite ferrule (Restek 0.4 
mm ID graphite, 20250) 
2.2.2. Trim around 1 cm from the end of the column to avoid pieces of the 
graphite from getting into the system and leave 4-6 mm of column extending 
past the end of the ferrule. 
2.2.3. Screw the column nut into the inlet port of the GC and tighten with a ¼” 
wrench about ¼ to ½ turn past fingertight, making sure the column cannot be 
pulled out with gentle pressure 
2.3. After column is connected to the inlet, leave the longer length of connecting 
column disconnected and turn on the inlet pressure to a moderate setting (about 
10 psi) 
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2.3.1. Verify flow by placing the open end of the column into a small vial of 
methanol and looking for a steady stream of bubbles 
2.3.2. Close oven door and either manual begin activation (with flow) or set up a 
sequence to do so 
2.3.2.1.Heat initially to 75°C and leave at that temperature for 2 hours 
2.3.2.2.Heat to 275°C at a ramp rate of 1°C/min 
2.3.2.3.Leave at 275°C for 2 hour 
2.3.2.4.Cool to 75°C at a ramp rate of 1°C/min and leave until ready for 
further testing (cool to 40°C before handling) 
2.3.2.5.Disassemble column assembly and quickly measure the mass of the 
packed column (differences from pre activation “wet mass” should be 
subtracted from mass of adsorbent used in calculations) 
3. Flow rate measurement 
3.1. Connect the long end of connecting to a mass flow meter (Omega FMA-A2300) 
3.1.1. Insert open end of the column through a Swagelok ¼” nut and a ¼” 
graphite compression ferrule with the appropriate hole size bored through 
(0.4 mm ID Restek 20200) 
3.1.2. Trim around 1 cm from the end of the column and leave around 1 cm past 
the end of the ferrule 
3.1.3. Connect to the flow meter using a Swagelok reducing union and the 
appropriate sized tubing by tightening the nut and ferrule onto the fitting 
using a 5/16”wrench and turning around ½ turn past finger-tight 
3.2. Close the oven door and change the GC settings to measure flow rates 
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3.2.1. At all temperatures of interest, try to measure at least 4-5 flow rates by 
going through a series of inlet pressures and recording the flow meter 
reading 
3.2.2. After changing temperatures, allow for at least 3 minutes of temperature 
equilibration (if temperature change is 10-20°) 
3.2.3. After pressure changes, allow for at least 20 sec before reading the value 
or watch until the reading stabilizes 
3.2.4. In general, do not go to pressures above 60 psi or flow rates of 10 SCCM 
(higher pressures could dislodge particles and higher flow rates will damage 
the flow meter and are not usually necessary).  In addition, try to obtain most 
flow rate values above 1 SCCM.  I have found that 2-6 SCCM is usually the 
optimum for chromatographic performance. 
3.2.5. Sequentially go through all combinations of temperature and pressure and 
record the flow meter reading (Multiply by 1.42 to convert to He). 
4. Connection of column to FID for chromatographic studies 
4.1. Disconnect the long end of column from the flow meter connections and insert 
the open end through a column nut and ferrule as in step 2.2.1. 
4.2. Trim around 1 cm from the capillary end 
4.3. Insert into the FID port fitting and screw in the nut 
4.3.1. While the nut is loose, push the capillary until it makes contact with the 
detector jet 
4.3.2. Back the column out of the fitting around 1 cm and tighten with a ¼” 
wrench about ½ turn past finger-tight 
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4.4. Using the GC software interface, turn on the FID gases and ignite the FID 
5. Chromatographic Measurements 
5.1. Use the gas chromatograph’s auto injector (Agilent, 7683B) and a 10µL gas-tight 
syringe to inject 0.2 to 5.0 µL of headspace vapor onto the column.  (Methane 
and other gases can be drawn out of a vial but often require injections of more 
than 2µL due to diffusion out of the syringe) 
5.2. Measure dead volume by injecting methane at 200-270° C at several inlet 
pressures and measuring the holdup time assuming no retention. 
5.3. Inject 3 different sizes from the syringe for every value of corrected specific 
retention volume (i.e. for each combination of adsorbate, temperature, and 
pressure) ensure peak position are concentration-independent 
5.4. Test a set of 4-5 analytes at multiple pressures and analyze the data for optimal 
column performance (number of theoretical plates) and to ensure flow rate 
independence of retention volume.
 
